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NETL Viewpoint

Background

The goal of Fossil Energy Research, Development, and Demonstration (RD&D) is to ensure the
availability of ultra-clean (“zero” emissions), abundant, low-cost, domestic electricity and energy
(including hydrogen) to fuel economic prosperity and strengthen energy security. A broad
portfolio of technologies is being developed within the Clean Coal Program to accomplish this
objective. Ever increasing technological enhancements are in various stages of the research
“pipeline,” and multiple paths are being pursued to create a portfolio of promising technologies
for development, demonstration, and eventual deployment. The technological progress of recent
years has created a remarkable new opportunity for coal. Advances in technology are making it
possible to generate power from fossil fuels with great improvements in the efficiency of energy
use while at the same time significantly reducing the impact on the environment, including the
long-term impact of fossil energy use on the Earth’s climate. The objective of the Clean Coal
RD&D Program is to build on these advances and bring these building blocks together into a
new, revolutionary concept for future coal-based power and energy production.

Objective

To establish baseline performance and cost estimates for today’s fossil energy plants, it is
necessary to look at the current state of technology. Such a baseline can be used to benchmark
the progress of the Fossil Energy RD&D portfolio. This study provides an accurate, independent
assessment of the cost and performance for Pulverized Coal (PC) Combustion, Integrated
Gasification Combined Cycles (IGCC), and Natural Gas Combined Cycles (NGCC), all with and
without carbon dioxide (CO,) capture and sequestration assuming that the plants use technology
available today.

Approach

The power plant configurations analyzed in this study were modeled using the ASPEN Plus®
(Aspen) modeling program. Performance and process limits were based upon published reports,
information obtained from vendors and users of the technology, cost and performance data from
design/build utility projects, and/or best engineering judgment. Capital and operating costs were
estimated by WorleyParsons based on simulation results and through a combination of existing
vendor quotes, scaled estimates from previous design/build projects, or a combination of the two.
Operation and maintenance (O&M) costs and the cost for transporting, storing, and monitoring
(TS&M) carbon dioxide (COy) in the cases with carbon capture were also estimated based on
reference data and scaled estimates. The cost of electricity (COE) was determined for all plants
assuming investor-owned utility (IOU) financing. The initial results of this analysis were
subjected to a significant peer review by industry experts, academia and government research
and regulatory agencies. Based on the feedback from these experts, the report was updated both
in terms of technical content and revised costs.



Results

This independent analysis of fossil energy plant cost and performance is considered to be the
most comprehensive set of publicly available data to date. While input was sought from
technology vendors, the final assessment of performance and cost was determined
independently, and may not represent the views of the technology vendors. The extent of
collaboration with technology vendors varied from case to case, with minimal or no input from
some vendors. Selection of system components and plant configurations from potential options
and the rapid escalation in labor and material costs made it a challenge to develop state-of-the-art
configurations and cost estimates. The rigorous expert technical review and systematic use of
existing vendor quotes and project design/build data to develop the cost estimates in this report
are believed to provide the most up-to-date performance and costs available in the public
literature. The main purpose of publishing Revision 2 is to update performance and economic
results. New data from technology vendors was incorporated into the modeling approach,
owner’s costs were added to the financial model, and supplemental chapters were added that
extend beyond the original report scope. The following are highlights of the study:

e Coal-based plants using today’s technology are capable of producing electricity at
relatively high efficiencies of about 39 percent, higher heating value ([HHV], without
CO; capture) on bituminous coal while meeting or exceeding current environmental
requirements for criteria pollutants.

e Total overnight cost (TOC) for the non-capture plants are as follows: NGCC, $718/kW;
PC, $2,010/kW (average); IGCC, $2,505/kW (average). With CO, capture, capital costs
are: NGCC, $1,497/kW; PC, $3,590/kW (average); IGCC, $3,568/kW (average).

e At fuel costs of $1.64/MMBtu of coal and $6.55/MMBtu of natural gas, the COE for the
non-capture plants is: 59 mills/kWh for NGCC, 59 mills/kwh for PC (average), and 77
mills/lkWh (average) for IGCC.

e When today’s technology for CO, capture and sequestration (CCS) is integrated into
these new power plants, the resultant COE, including the cost of CO, TS&M, is: 86
mills/lkwWh for NGCC; 108 mills/kWh (average) for PC; and 112 mills/kWh (average) for
IGCC. The cost of transporting CO, 50 miles for storage in a geologic formation with
over 30 years of monitoring is estimated to add about 3 to 6 mills/kWh. This represents
less than 5.5 percent of the COE for each CO, capture case.

e A sensitivity study on natural gas price shows that at a coal price of $1.64/MMBtu, the
average COE for IGCC with capture equals that of NGCC with CO, capture at a gas price
of $9.80/MMBtu. The average COE for PC with capture equals that of NGCC with
capture at a gas price of $9.25/MMBtu. In terms of capacity factor (CF), when non-
capture NGCC drops to 40 percent, such as in a peaking application, the COE is
comparable to non-capture IGCC operating at base load (80 percent CF).

Fossil Energy RD&D aims at improving the performance and cost of clean coal power systems
including the development of new approaches to capture and sequester greenhouse gases
(GHGs). Improved efficiencies and reduced costs are required to improve the competitiveness of
these systems in today’s market and regulatory environment as well as in a carbon constrained
scenario. The results of this analysis provide a starting point from which to measure the progress
of RD&D achievements.
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EXECUTIVE SUMMARY

The objective of this report is to present an accurate, independent assessment of the cost and
performance of fossil energy power systems, specifically integrated gasification combined cycle
(IGCC), pulverized coal (PC), and natural gas combined cycle (NGCC) plants, using a consistent
technical and economic approach that accurately reflects current market conditions. This is
Volume 1 of a four volume report. The four volume series consists of the following:

e Volume 1: Bituminous Coal and Natural Gas to Electricity

e Volume 2: Coal to Synthetic Natural Gas and Ammonia (Various Coal Ranks)
e Volume 3: Low Rank Coal and Natural Gas to Electricity

e Volume 4: Bituminous Coal to Liquid Fuels with Carbon Capture

The cost and performance of the various fossil fuel-based technologies will most likely
determine which combination of technologies will be utilized to meet the demands of the power
market. Selection of new generation technologies will depend on many factors, including:

e Capital and operating costs

e Overall energy efficiency

e Fuel prices

e Cost of electricity (COE)

e Auvailability, reliability, and environmental performance

e Current and potential regulation of air, water, and solid waste discharges from fossil-
fueled power plants

e Market penetration of clean coal technologies that have matured and improved as a result
of recent commercial-scale demonstrations under the Department of Energy’s (DOE)
Clean Coal Programs

Twelve power plant configurations were analyzed as listed in Exhibit ES-1. The list includes six
IGCC cases utilizing General Electric Energy (GEE), ConocoPhillips (CoP), and Shell Global
Solutions (Shell) gasifiers each with and without carbon dioxide (CO,) capture; four PC cases,
two subcritical and two supercritical (SC), each with and without CO, capture; and two NGCC
plants with and without CO, capture. Two additional cases were originally included in this study
and involve production of synthetic natural gas (SNG) and the repowering of an existing NGCC
facility using SNG. The two SNG cases were subsequently moved to Volume 2 of this report
resulting in the discontinuity of case numbers (1-6 and 9-14).

While input was sought from various technology vendors, the final assessment of performance
and cost was determined independently and has not been reviewed by individual vendors. Thus,
portions of this report may not represent the views of the technology vendors. The extent of
collaboration with technology vendors varied from case to case, with minimal or no
collaboration obtained from some vendors.

The methodology included performing steady-state simulations of the various technologies using
the ASPEN Plus® (Aspen) modeling program. The resulting mass and energy balance data from
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the Aspen model were used to size major pieces of equipment. These equipment sizes formed
the basis for cost estimating. Performance and process limits were based upon published reports,
information obtained from vendors and users of the technology, performance data from
design/build utility projects, and/or best engineering judgment. Capital and operating costs were
estimated by WorleyParsons based on simulation results and through a combination of vendor

quotes, scaled estimates from previous design/build projects, or a combination of the two.

Baseline fuel costs for this analysis were determined using data from the Energy Information
Administration’s (EIA) Annual Energy Outlook (AEQ) 2008. The first year of capital
expenditure (2007) costs used are $1.55/MMkJ ($1.64/MMBtu) for coal (lllinois No. 6) and

$6.21/MMKJ ($6.55 /MMBLtu) for natural gas, both on a HHV basis and in 2007 United States

(U.S.) dollars.
Exhibit ES-1 Case Descriptions
. . - . H,S Sulfur CO;,
Case CUT:IIte Ste;m/i;//::'le, CO.ITJ tr)giitéon G_?géftﬁrcl)l?ooner Oxidant| Separation/ | Removal/ |Separa-
y Psig gy Removal | Recovery | tion
1 | 16cc |1800/1050/1050| 2 X Advanced | GEE Radiant |95 mol%| g0 10001 | Claus Plant
F Class Only 02
2 |16ce |1800/1000/1000| 2 X Advanced | GEE Radiant |95 mol6| g 01 | claus Plant | S&lexol
F Class Only 0, 2™ stage
2 x Advanced w195 mol%| Refrigerated
3 IGCC [{1800/1050/1050 E Class CoP E-Gas 0, MDEA Claus Plant
0,
4 | i6ce |1800/1000/1000| 2 X AdVANCEd | o op £ Gagm (95 MO0 ool | Claus Plant | SSlex!
F Class (o) 2™ stage
5 |i1cce |1800/1050/1050| 2 X Advanced Shell 95mol% | g ifinol-M | Claus Plant
F Class 07
0,
6 |icce |1800/1000/1000|2 X Advanced Shell 95mol%|  goexol | Claus Plant | S81€x0
F Class 0. 2" stage
Wet Flue gas
i . desulfuri-
9 PC |2400/1050/1050 Subcritical PC Air zation (FGD)/
Gypsum
10 | Pc |2400/1050/1050 Subcritical PC | Air Wet FGD/ | Amine
Gypsum | Absorber
11 | pc |3500/1100/1100 Supercritical PC | Air Wwet FGD/
Gypsum
12 | PC |3500/1100/1100 Supercritical PC|  Air Wet FGD/ | Amine
Gypsum | Absorber
13 |NGCc| 2400710501080/ 2 X Advanced HRSG Air
F Class
14 |NGCe [2400/1050/1050| 2 X Advanced HRSG Air Amine
F Class Absorber

All plant configurations are evaluated based on installation at a greenfield site. Since these are
state-of-the-art plants, they will have higher efficiencies than the average power plant population.
Consequently, these plants would be expected to be near the top of the dispatch list and the study
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capacity factor (CF) is chosen to reflect the maximum availability demonstrated for the specific
plant type, i.e., 80 percent for IGCC and 85 percent for PC and NGCC configurations. Since
variations in fuel costs and other factors can influence dispatch order and CF, sensitivity of the
cost of electricity (COE) to CF is evaluated and presented later in this Executive Summary
(Exhibit ES-10) and in the body of the report.

The nominal net plant output for this study is set at 550 megawatt (MW). The actual net output
varies between technologies because the combustion turbines (CTs) in the IGCC and NGCC
cases are manufactured in discrete sizes, but the boilers and steam turbines in the PC cases are
readily available in a wide range of capacities. The result is that all of the PC cases have a net
output of 550 MW, but the IGCC cases have net outputs ranging from 497 (Case 6) to 629 MW
(Case 5). The range in IGCC net output is caused by the much higher auxiliary load imposed in
the CO, capture cases, primarily due to CO, compression, and the need for extraction steam in
the water-gas shift (WGS) reactions, which reduces steam turbine output. Higher auxiliary load
and extraction steam requirements can be accommodated in the PC cases (larger boiler and steam
turbine) but not in the IGCC cases where it is impossible to maintain a constant net output from
the steam cycle given the fixed input (CT). Likewise, the two NGCC cases have a net output of
555 and 474 MW because of the CT constraint.

Exhibit ES-2 shows the cost, performance, and environmental profile summary for all cases.
The results are discussed below in the following order:

e Performance (efficiency and raw water consumption)
e Cost (plant capital costs and COE)

e Environmental profile
PERFORMANCE

Energy Efficiency

The net plant efficiency (HHV basis) for all twelve cases is shown in Exhibit ES-3. The primary
conclusions that can be drawn are:

e The NGCC with no CO, capture has the highest net efficiency of the technologies
modeled in this study with an efficiency of 50.2 percent.

e The NGCC case with CO, capture results in the highest efficiency (42.8 percent)
among all of the capture technologies.

e The NGCC with CO; capture results in a relative efficiency penalty of 14.7 percent
(7.4 absolute percent), compared to the non-capture case. The NGCC penalty is less
than for the PC cases because natural gas is less carbon intensive than coal, and there
is less CO,, to capture and to compress for equal net power outputs.

e The energy efficiency of the IGCC non-capture cases is as follows: the dry-fed Shell
gasifier (42.1 percent), the slurry-fed, two-stage CoP gasifier (39.7 percent) and the
slurry-fed, single-stage GEE gasifier (39.0 percent).
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When CO; capture is added to the IGCC cases, the energy efficiency of all three cases
is more nearly equal than the non-capture cases, ranging from 31.0 percent for CoP to
32.6 percent for GEE, with Shell intermediate at 31.2 percent.

The relative efficiency penalty for adding CO, capture to the IGCC cases is 21.4
percent on average. The relative penalty for subcritical and SC PC is 28.9 and 27.6
percent, respectively. The relative penalty for NGCC is 14.7 percent.

SC PC without CO, capture has an efficiency of 39.3 percent. Subcritical PC has an
efficiency of 36.8 percent, which is the lowest of all the non-capture cases in the
study.

The addition of CO, capture to the PC cases via the Fluor Econamine FG Plus*™
(Econamine) process has the highest relative efficiency penalties out of all the cases
studied. This is primarily because the low partial pressure of CO, in the flue gas (FG)
from a PC plant requires a chemical absorption process rather than physical
absorption. For chemical absorption processes, the regeneration requirements are
more energy intensive. The relative efficiency impact on NGCC is less because of
the lower carbon intensity of natural gas relative to coal as mentioned above.
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Exhibit ES-2 Cost and Performance Summary and Environmental Profile for All Cases

Integrated Gasification Combined Cycle Pulverized Coal Boiler NGCC

GEE R+Q CoP E-Gas FSQ Shell PC Subcritical PC Supercritical Advanced F Class
PERFORMANCE Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 9 | Case 10 | Case 11 | Case 12 | Case 13 | Case 14
CO2 Capture 0% 90% 0% 90% 0% 90% 0% 90% 0% 90% 0% 90%
Gross Power Output (kWe) 747,800 | 734,000 | 738,200 | 703,700 | 737,000 | 673,400 | 582,600 | 672,700 | 580,400 | 662,800 | 564,700 | 511,000
Auxiliary Power Requirement (kWe) 125,750 | 190,750 | 113,140 | 190,090 | 108,020 | 176,540 | 32,580 | 122,740 | 30,410 | 112,830 9,620 37,430
Net Power Output (kWe) 622,050 | 543,250 | 625,060 | 513,610 | 628,980 | 496,860 | 550,020 | 549,960 | 549,990 | 549,970 | 555,080 | 473,570
Coal Flowrate (Ib/hr) 466,901 | 487,011 | 459,958 | 484,212 | 436,646 | 465,264 | 437,378 | 614,994 | 409,528 | 565,820 N/A N/A
Natural Gas Flowrate (Ib/hr) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 167,333 | 167,333
HHV Thermal Input (kWth) 1,596,320 1,665,074] 1,572,582 1,655,503] 1,492,878 1,590,722 1,495,379 2,102,643| 1,400,162 1,934,519] 1,105,812 1,105,812
Net Plant HHV Efficiency (%) 39.0% 32.6% 39.7% 31.0% 42.1% 31.2% 36.8% 26.2% 39.3% 28.4% 50.2% 42.8%
Net Plant HHV Heat Rate (Btu/kWh) 8,756 10,458 8,585 10,998 8,099 10,924 9,277 13,046 8,687 12,002 6,798 7,968
Raw Water Withdrawal (gpm/MW ) 7.6 10.7 7.0 11.1 6.6 11.3 10.7 20.4 9.7 18.3 4.3 8.4
Process Water Discharge (gpm/MW,et) 1.6 2.0 1.4 2.1 1.2 2.0 2.2 4.7 2.0 4.3 1.0 2.1
Raw Water Consumption (@pm/MWet) 6.0 8.7 5.5 9.0 5.3 9.3 8.5 15.7 7.7 14.1 3.3 6.3
CO; Emissions (Ib/MMBtu) 197 20 199 20 197 20 204 20 204 20 118 12
CO, Emissions (Ib/MWhg;ss) 1,434 152 1,448 158 1,361 161 1,783 217 1,675 203 790 87
CO; Emissions (Ib/MWhpet) 1,723 206 1,710 217 1,595 218 1,888 266 1,768 244 804 94
SO, Emissions (Ib/MMBtu) 0.0012 0.0022 0.0117 0.0022 0.0042 0.0021 0.0858 0.0017 0.0858 0.0016 | Negligible | Negligible
SO, Emissions (Ib/MWhgoss) 0.0090 0.0166 0.0852 0.0173 0.0290 0.0171 0.7515 0.0176 0.7063 0.0162 | Negligible | Negligible
NOx Emissions (Ib/MMBtu) 0.059 0.049 0.060 0.049 0.059 0.049 0.070 0.070 0.070 0.070 0.009 0.008
NOx Emissions (Ib/MWhg;oss) 0.430 0.376 0.434 0.396 0.409 0.396 0.613 0.747 0.576 0.697 0.060 0.061
PM Emissions (Ib/MMBtu) 0.0071 0.0071 0.0071 0.0071 0.0071 0.0071 0.0130 0.0130 0.0130 0.0130 | Negligible [ Negligible
PM Emissions (Ib/MWhg;ss) 0.052 0.055 0.052 0.057 0.049 0.057 0.114 0.139 0.107 0.129 | Negligible | Negligible
Hg Emissions (Ib/TBtu) 0.571 0.571 0.571 0.571 0.571 0.571 1.143 1.143 1.143 1.143 | Negligible [ Negligible
Hg Emissions (Ib/MWhgoss) 4.16E-06 | 4.42E-06 | 4.15E-06 | 4.59E-06 | 3.95E-06 | 4.61E-06 | 1.00E-05 | 1.22E-05| 9.41E-06 | 1.14E-05 | Negligible | Negligible
COST
Total Plant Cost (2007$/kW) 1,987 2,711 1,913 2,817 2,217 3,181 1,622 2,942 1,647 2,913 584 1,226
Total Overnight Cost (2007$/kW) 2,447 3,334 2,351 3,466 2,716 3,904 1,996 3,610 2,024 3,570 718 1,497
Bare Erected Cost 1,528 2,032 1,470 2,113 1,695 2,385 1,317 2,255 1,345 2,239 482 926
Home Office Expenses 144 191 138 199 156 221 124 213 127 211 40 78
Project Contingency 265 369 256 385 302 444 182 369 176 362 62 162
Process Contingency 50 119 50 120 63 131 0 105 0 100 0 60
Owner's Costs 460 623 438 649 500 723 374 667 377 657 133 271
Total Overnight Cost (2007$ x 1,000) 1,521,88001,811,411|1,469,577|1,780,290] 1,708,524 1,939,878 1,098,124 1,985,432 1,113,445]1,963,644| 398,290 | 709,039
Total As Spent Capital (2007$/kW) 2,789 3,801 2,680 3,952 3,097 4,451 2,264 4,115 2,296 4,070 771 1,614
COE (mills/kwh, 2007$)"2 76.3 105.6 74.0 110.3 81.3 119.4 59.4 109.6 58.9 106.5 58.9 85.9
CO2 TS&M Costs 0.0 5.2 0.0 5.5 0.0 5.6 0.0 5.8 0.0 5.6 0.0 3.2
Fuel Costs 14.3 17.1 14.0 18.0 13.3 17.9 15.2 21.3 14.2 19.6 44.5 52.2
Variable Costs 7.3 9.3 7.2 9.8 7.8 9.9 5.1 9.2 5.0 8.7 1.3 2.6
Fixed Costs 11.3 14.8 11.1 15.5 12.1 16.7 7.8 13.1 8.0 13.0 3.0 5.7
Capital Costs 43.4 59.1 41.7 61.5 48.2 69.2 31.2 60.2 31.7 59.6 10.1 22.3
LCOE (mills/lkWh, 2007$)>2 96.7 133.9 93.8 139.9 103.1 151.4 75.3 139.0 74.7 135.2 74.7 108.9

L CF is 80% for IGCC cases and 85% for PC and NGCC cases
2 COE and Levelized COE are defined in Section 2.7.
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Exhibit ES-3 Net Plant Efficiency (HHV Basis)
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Water Use

Three water values are presented for each technology in Exhibit ES-4: raw water withdrawal,
process discharge, and raw water consumption. Each value is normalized by net output. Raw
water withdrawal is the difference between demand and internal recycle. Demand is the amount
of water required to satisfy a particular process (slurry, quench, flue gas desulfurization [FGD]
makeup, etc.) and internal recycle is water available within the process (boiler feedwater [BFW]
blowdown, condensate, etc.). Raw water withdrawal is the water removed from the ground or
diverted from a surface-water source for use in the plant. Raw water consumption is the portion
of the raw water withdrawn that is evaporated, transpired, incorporated into products or
otherwise not returned to the water source it was withdrawn from. Raw water consumption is
the difference between withdrawal and process discharge, and it represents the overall impact of
the process on the water source, which in this study is considered to be 50 percent from
groundwater (wells) and 50 percent from a municipal source. All plants are equipped with
evaporative cooling towers, and all process blowdown streams are assumed to be treated and
recycled to the cooling tower. The primary conclusions that can be drawn are:

e In all cases the primary water consumer is cooling tower makeup, which ranges from
73 to 99 percent of the total raw water consumption.

e Among non-capture cases, NGCC requires the least amount of raw water withdrawal,
followed by IGCC and PC. If an average raw water consumption for the three IGCC
cases and two PC cases is used, the relative normalized raw water consumption for
the technologies is 2.5:1.7:1.0 (PC:IGCC:NGCC). The relative results are as
expected given the much higher steam turbine output in the PC cases, which results in
higher condenser duties, higher cooling water flows, and ultimately higher cooling
water makeup. The IGCC cases and the NGCC case have comparable steam turbine
outputs, but IGCC requires additional water for coal slurry (GEE and CoP), syngas
quench (GEE), humidification (CoP and Shell), gasifier steam (Shell), and slag
handling (all cases), which increases the IGCC water withdrawal over NGCC.

e Among capture cases, raw water withdrawal requirements increase (relative to non-
capture cases) more dramatically for the PC and NGCC cases than for IGCC cases
because of the large cooling water demand of the Econamine process, which results in
greater cooling water makeup requirements. If average water consumption values are
used for IGCC and PC cases, the relative normalized raw water consumption for the
technologies in CO, capture cases is 2.4:1.4:1.0 (PC:IGCC:NGCC). The NGCC CO;
capture case still has the lowest water consumption.

e CO, capture increases the average raw water consumption for all three technologies
evaluated, but the increase is lowest for the IGCC cases. The average normalized raw
water consumption for the three IGCC cases increases by about 58 percent due
primarily to the need for additional water in the syngas to accomplish the WGS
reaction. With the addition of CO, capture, PC normalized raw water consumption
increases by 83 percent and NGCC by 91 percent. The large cooling water demand
of the Econamine process drives this substantial increase for PC and NGCC.
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Exhibit ES-4 Raw Water Withdrawal and Consumption
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COST RESULTS

Total Overnight Cost

The Total Overnight Cost (TOC) for each plant was calculated by adding owner’s costs to the
Total Plant Cost (TPC). The TPC for each technology was determined through a combination of
vendor quotes, scaled estimates from previous design/build projects, or a combination of the two.
TPC includes all equipment (complete with initial chemical and catalyst loadings), materials,
labor (direct and indirect), engineering and construction management, and contingencies (process
and project). Escalation and interest on debt during the capital expenditure period were
estimated and added to the TOC to provide the Total As-Spent Cost (TASC).

The cost estimates carry an accuracy of -15%/+30%, consistent with a “feasibility study” level of
design engineering applied to the various cases in this study. The value of the study lies not in
the absolute accuracy of the individual case results but in the fact that all cases were evaluated
under the same set of technical and economic assumptions. This consistency of approach allows
meaningful comparisons among the cases evaluated.

Project contingencies were added to the Engineering/Procurement/Construction Management
(EPCM) capital accounts to cover project uncertainty and the cost of any additional equipment
that would result from a detailed design. The contingencies represent costs that are expected to
occur. Each bare erected cost (BEC) account was evaluated against the level of estimate detail
and field experience to determine project contingency. Process contingency was added to cost
account items that were deemed to be first-of-a-kind (FOAK) or posed significant risk due to
lack of operating experience. The cost accounts that received a process contingency include:

e Slurry Prep and Feed — 5 percent on GE IGCC cases - systems are operating at
approximately 800 psia as compared to 600 psia for the other IGCC cases.

e Gasifiers and Syngas Coolers — 15 percent on all IGCC cases — next-generation
commercial offering and integration with the power island.

e Two Stage Selexol — 20 percent on all IGCC capture cases — lack of operating
experience at commercial scale in IGCC service.

e Mercury Removal — 5 percent on all IGCC cases — minimal commercial scale
experience in IGCC applications.

e CO; Removal System — 20 percent on all PC/NGCC capture cases - post-combustion
process unproven at commercial scale for power plant applications.

e Combustion Turbine-Generator (CTG) — 5 percent on all IGCC non-capture cases —
syngas firing and air separation unit (ASU) integration; 10 percent on all IGCC
capture cases — high hydrogen firing.

e Instrumentation and Controls — 5 percent on all IGCC accounts and 5 percent on the
PC and NGCC capture cases — integration issues.

The normalized components of TOC and overall TASC are shown for each technology in
Exhibit ES-5. The following conclusions can be drawn:
e Among the non-capture cases, NGCC has the lowest TOC at $718 kW followed by PC
with an average cost of $2,010/kW and IGCC with an average cost of $2,505/kW.
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Exhibit ES-5 Plant Capital Costs
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The average IGCC cost is 25 percent greater than the average PC cost. The process
contingency for the IGCC cases ranges from $50-63/kW while there is zero process
contingency for the PC and NGCC non-capture cases. The differential between
IGCC and PC is reduced to 22 percent when process contingency is eliminated.

e The three IGCC non-capture cases have a TOC ranging from $2,351/kW (CoP) to
$2,716/kW (Shell) with GEE intermediate at $2,447/kW.

e Among the capture cases, NGCC has the lowest TOC, despite the fact that the TOC
of the NGCC capture case is more than double the cost of the non-capture case at
$1,497kW.

e Among the capture cases, the PC cases have the highest TOC at an average of
$3,590/kW. The average TOC for IGCC CO, capture cases is $3,568/kW, which is
less than one percent lower than the average of the PC cases. The process
contingency for the IGCC capture cases ranges from $119-131/kW, for the PC cases
from $100-105/kW and $60/kW for the NGCC case.

Cost of Electricity

The cost metric used in this study is the COE, which is the revenue received by the generator per
net megawatt-hour during the power plant’s first year of operation, assuming that the COE
escalates thereafter at a nominal annual rate equal to the general inflation rate, i.e., that it
remains constant in real terms over the operational period of the power plant. To calculate the
COE, the Power Systems Financial Model (PSFM) [2] was used to determine a “base-year”
(2007) COE that, when escalated at an assumed nominal annual general inflation rate of 3
percent’, provided the stipulated internal rate of return on equity over the entire economic
analysis period (capital expenditure period plus thirty years of operation). The first year capital
charge factor (CCF) shown in Exhibit ES-6, which was derived using the PSFM, can also be
used to calculate COE using a simplified equation as detailed in Section 2.7.4.

The project financial structure varies depending on the type of project (high risk or low risk) and
the length of the capital expenditure period (3 year or 5 year). All cases were assumed to be
undertaken at investor owned utilities (I0Us). High risk projects are those in which commercial
scale operating experience is limited. The IGCC cases (with and without CO; capture) and the
PC and NGCC cases with CO; capture were considered to be high risk. The non-capture PC and
NGCC cases were considered to be low risk. Coal based cases were assumed to have a 5 year
capital expenditure period and natural gas cases a 3 year period. The current-dollar, 30-year
levelized cost of electricity (LCOE) was also calculated and is shown in Exhibit 2-23, but the
primary metric used in the balance of this study is COE. A more detailed discussion of the two
metrics is provided in Section 2.7 of the report.

! This nominal escalation rate is equal to the average annual inflation rate between 1947 and 2008 for the U.S.
Department of Labor’s Producer Price Index for Finished Goods. This index was used instead of the Producer Price
Index for the Electric Power Generation Industry because the Electric Power Index only dates back to December
2003 and the Producer Price Index is considered the “headline” index for all of the various Producer Price Indices.
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Exhibit ES-6 Economic Parameters Used to Calculate COE

High Risk Low Risk High Risk Low Risk
(5 year capital (5 year capital | (3 year capital | (3 year capital
expenditure expenditure expenditure expenditure
period) period) period) period)
First Year Capital 0.1243 0.1165 0.1111 0.1048
Charge Factor

Commaodity prices fluctuate over time based on overall economic activity and general supply and
demand curves. While the cost basis for this study is June 2007, many price indices had similar
values in January 2010 compared to June 2007. For example, the Chemical Engineering Plant
Cost Index was 532.7 in June 2007 and 532.9 in January 2010, and the Gross Domestic Product
Chain-type Price Index was 106.7 on July 1, 2007 and 110.0 on January 1, 2010. Hence the June
2007 dollar cost base used in this study is expected to be representative of January 2010 costs.

The COE results are shown in Exhibit ES-7 with the capital cost, fixed operating cost, variable
operating cost, and fuel cost shown separately. In the capture cases, the CO, transport, storage,
and monitoring (TS&M) costs are also shown as a separate bar segment. The following
conclusions can be drawn:

In non-capture cases, NGCC plants have the lowest COE (58.9 mills/kwWh), followed by
PC (average 59.2 mills’lkwh) and IGCC (average 77.2 mills/lkwh).

In capture cases, NGCC plants have the lowest COE (85.9 mills/kwh), followed by PC
(average 108.2 mills/kwWh) and IGCC (average 111.8 mills/kWh).

The COE for the three IGCC non-capture cases ranges from 74.0 mills/lkwh (CoP) to
81.3 mills’/lkwh (Shell) with GEE intermediate at 76.3 mills/lkwh. The study level of
accuracy is insufficient to definitively quantify the differences in COE of the three IGCC
technologies.

Non-capture SC PC has a COE of 58.9 mills/kwWh and subcritical PC is 59.4 mills/kWh,
an insignificant difference given the level of accuracy of the study estimate.

IGCC is the most expensive technology with CO, capture, 3 percent higher than PC and
30 percent higher than NGCC.

The capital cost component of COE is between 56 and 59 percent in all IGCC and PC
cases. It represents only 17 percent of COE in the NGCC non-capture case and 26
percent in the CO, capture case.

The fuel component of COE ranges from 15-19 percent for the IGCC cases and the PC
CO, capture cases. For the PC non-capture cases the fuel component varies from 24-26
percent. The fuel component is 76 percent of the total in the NGCC non-capture case and
61 percent in the CO, capture case.

CO, TS&M is estimated to add 3 to 6 mills/kwWh to the COE, which is less than 5.5
percent of the total for all capture cases.
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Exhibit ES-7 COE by Cost Component
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Exhibit ES-8 shows the COE sensitivity to fuel costs for the non-capture cases. The solid line is
the COE of NGCC as a function of natural gas cost. The points on the line represent the natural
gas cost that would be required to make the COE of NGCC equal to PC or IGCC at a given coal
cost. The coal prices shown ($1.23, $1.64, and $2.05/MMBtu) represent the baseline cost and a
range of +25 percent around the baseline. As an example, at a coal cost of $1.64/MMBtu, the
COE of PC equals NGCC at a natural gas price of $6.59/MMBtu.

Another observation from Exhibit ES-8 is that the COE of IGCC at a coal price of $1.23/MMBtu
is greater than PC at a coal price of $2.05/MMBtu, due to the higher capital cost of IGCC and its
relative insensitivity to fuel price. For example, a decrease in coal cost of 40 percent (from $2.05
to $1.23/MMBu) results in an IGCC COE decrease of only nine percent (80.7 to 73.7
mills/kWh).

Fuel cost sensitivity is presented for the CO, capture cases in Exhibit ES-9. Even at the lowest
coal cost shown, the COE of NGCC is less than IGCC and PC at the baseline natural gas price of
$6.55/MMBtu. For the coal-based technologies at the baseline coal cost of $1.64/MMBtu to be
equal to NGCC, the cost of natural gas would have to be $9.34/MMBtu (PC) or $9.80/MMBtu
(IGCC). Alternatively, for the COE of coal-based technologies to be equal to NGCC at the high
end coal cost of $2.05/MMBtu, natural gas prices would have to be $9.98/MMBtu for PC and
$10.35/MMBtu for IGCC.

Exhibit ES-8 COE Sensitivity to Fuel Costs in Non-Capture Cases
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Exhibit ES-9 COE Sensitivity to Fuel Costs in CO, Capture Cases
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The sensitivity of COE to CF is shown for all technologies in Exhibit ES-10. The subcritical and
SC PC cases with no CO,, capture are nearly identical so that the two curves appear as a single
curve on the graph. The CF is plotted from 30 to 90 percent. The baseline CF is 80 percent for
IGCC cases with no spare gasifier and is 85 percent for PC and NGCC cases. The curves plotted
in Exhibit ES-10 for the IGCC cases assume that the CF could be extended to 90 percent with no
spare gasifier. Similarly, the PC and NGCC curves assume that the CF could reach 90 percent
with no additional capital equipment.

Technologies with high capital cost (PC and IGCC with CO; capture) show a greater increase in
COE with decreased CF. Conversely, NGCC with no CO, capture is relatively flat because the
COE is dominated by fuel charges, which decrease as the CF decreases. Conclusions that can be
drawn from Exhibit ES-10 include:

e AtaCF at or below 85 percent, NGCC has the lowest COE out of the non-capture
cases.

e The COE of NGCC with CO, capture is the lowest of the capture technologies in the
baseline study, and the advantage increases as CF decreases. The relatively low
capital cost component of NGCC accounts for the increased cost differential with
decreased CF.

e Innon-capture cases, NGCC at 40 percent CF has approximately the same COE as
the average of the three IGCC cases at base load (80 percent CF) further illustrating
the relatively small impact of CF on NGCC COE.
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Exhibit ES-10 COE Sensitivity to Capacity Factor
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CO, Emission Price Impact

In the event that future legislation assigns a cost to carbon emissions, all of the technologies
examined in this study will become more expensive. The technologies without carbon capture
will be impacted to a larger extent than those with carbon capture, and coal-based technologies
will be impacted more than natural gas-based technologies. The most economically favored
option for each technology is shown in Exhibit ES-11. Hence the IGCC non-capture case is
based on the CoP gasifier, the IGCC capture case is based on the GEE technology, and the PC
technology is based on supercritical steam conditions.

The curves represent the study design conditions (capacity factor) and fuel prices used for each
technology; namely 80 percent capacity factor for IGCC plants and 85 percent for PC and NGCC
plants, and $1.64/MMBtu for coal and $6.55/MMBtu for natural gas. Natural gas fuel prices are
more volatile than coal and tend to fluctuate over a fairly large range. The two black lines shown
in Exhibit ES-11 represent NGCC at a fuel price of $9.50/MMBtu and are shown for reference.
The dispatch-based capacity factor for NGCC plants, addressed in Section 6.4 of this report, is
significantly less than 85 percent and would result in a higher COE as shown in Exhibit ES-10.
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Exhibit ES-11 Impact of Carbon Emissions Price on Study Technologies
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The intersection of the capture and non-capture curves for a given technology gives the cost of
CO; avoided for that technology, except for the IGCC cases which use different gasifier
technologies for the capture and non-capture cases. For example, the cost of CO, avoided is
$69/tonne ($63/ton) for SC PC and $84/tonne ($76/ton) for NGCC. These values can be
compared to those shown in Exhibit ES-13.

The following conclusions can be drawn from the carbon emissions price graph:

e At the baseline study conditions any cost applied to carbon emissions favors NGCC
technology. While PC and NGCC with no capture start at essentially equivalent
COEs, they diverge rapidly as the CO, emission cost increases. The lower carbon
intensity of natural gas relative to coal and the greater efficiency of the NGCC
technology account for this effect.

e Capture for NGCC systems is only justified economically at CO, emissions prices
greater than $83/tonne ($75/ton) at the baseline natural gas price of $6.55/MMBtu
and $95/tonne ($86/ton) at the higher natural gas price of $9.50/MMBtu.

e The SC PC and IGCC non-capture curves are nearly parallel indicating that the CO,
emission price impacts the two technologies nearly equally. The two lines gradually
converge due to the slightly lower efficiency of SC PC relative to the CoP IGCC
technology (39.3 versus 39.7 percent net efficiency). The SC PC and GEE IGCC
cases with CO, capture start at nearly equivalent COE values and slowly diverge.
The COE of the SC PC case increases slightly faster than the GEE IGCC case
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because of the lower efficiency (28.4 versus 32.6 percent net efficiency) and slightly
lower capture efficiency (90.2 versus 90.3 percent).

e Comparing only the coal-based technologies, IGCC or PC with capture become the
favored technology compared to SC PC with no capture at an emission price of
$67/tonne ($61/ton).

e Ata natural gas price of $9.50/MMBtu, NGCC with capture has nearly the same COE
as IGCC and SC PC with capture at a CO, emission price of $30/tonne ($27/ton).

e Ata natural gas price of $9.50/MMBtu, SC PC without capture has a lower COE than
NGCC without capture until the CO, emissions price exceeds $46/tonne ($42/ton).

The relationship between technologies and CO, emission pricing can also be considered in a
“phase diagram” type plot as shown in Exhibit ES-12. The lines in the plot represent cost parity
between different pairs of technologies.

Exhibit ES-12 Lowest Cost Power Generation Options Comparing NGCC and Coal
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The plot demonstrates the following points:

e Non-capture plants are the low cost option below a first year CO, price of $60/tonne
($54/ton).
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e At natural gas prices below $6.50/MMBtu (and a capacity factor of 85 percent)
NGCC is always preferred.

e At natural gas prices above $11/MMBtu coal plants are always preferred.

Cost of CO, Avoided
The first year cost of CO, avoided was calculated as illustrated in Equation ES-1:

{COEWith
{CO, Emissions

removal COE }$/ MWh
- COZ EmiSSionSWith removal}tonS/ MWh

reference

Avoided Cost =

(ES-1)

reference

The COE with CO; removal includes the costs of capture and compression as well as TS&M
costs. The resulting avoided costs are shown in Exhibit ES-13 for each of the six technologies
modeled. The avoided costs for each capture case are calculated using the analogous non-
capture plant as the reference and again with SC PC without CO, capture as the reference. The
following conclusions can be drawn:

e The total first year cost of CO, avoided is $52.9/tonne ($48/ton) (average IGCC),
$68.3/tonne ($62/ton) (average PC), and $83.8/tonne ($76/ton) (NGCC) using
analogous non-capture plants as the reference and $75/tonne ($68/ton) (average
IGCC), $71.6/tonne ($65/ton) (average PC), and $35.3/tonne ($32/ton) (NGCC) using
SC PC without capture as the reference.

e CO, avoided costs for IGCC plants using analogous non-capture plants as reference
are substantially less than for PC and NGCC because the IGCC CO; removal is
accomplished prior to combustion and at elevated pressure using physical absorption.

e CO, avoided costs for IGCC plants using analogous non-capture as reference are less
than NGCC plants because the baseline CO, emissions for NGCC plants are 44
percent less than for IGCC plants. Consequently, the normalized removal cost for
NGCC plants is divided by a smaller amount of CO,.

e COjavoided costs for the GEE IGCC plant are less than for the CoP and Shell IGCC
plants. This is consistent with the efficiency changes observed when going from a
non-capture to capture configuration for the GEE IGCC plant. The GEE plant started
with the lowest efficiency of the IGCC plants but realized the smallest reduction in
efficiency between the non-capture and capture configurations.

e COjavoided costs for NGCC using SC PC as the reference are 53 percent lower than
IGCC and 50 percent lower than PC because of the relatively low COE of the NGCC
capture plant compared to IGCC and PC.
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Exhibit ES-13 First Year CO, Avoided Costs

First Year CO, Avoided Cost, $/tonne (2007S)

100

B Avoided Cost (Analogous Technology w/o Capture Reference)

W Avoided Cost (SC PC w/o Capture Reference)

GEE CoP Shell

Subcritical PC Supercritical PC NGCC
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ENVIRONMENTAL PERFORMANCE

The environmental targets for each technology are summarized in Exhibit ES-14. Emission rates

of sulfur dioxide (SO,), nitrogen oxide (NOXx), and particulate matter (PM) are shown
graphically in Exhibit ES-15, and emission rates of mercury (Hg) are shown separately in
Exhibit ES-16 because of the orders of magnitude difference in emission rate values.

Exhibit ES-14 Study Environmental Targets

Technology
Pollutant IGCC PC NGCC
SO, 0.0128 Ib/MMBtu | 0.085 Ib/MMBtu Negligible
NOX 15 o (grzy) @ | 6070 biMmBL | 2° g (gzy) @
PM (Filterable) 0.0071 Ib/MMBtu | 0.013 Ib/MMBtu Negligible
Hg >90% capture 1.14 Ib/TBtu N/A

Environmental targets were established for each of the technologies as follows:

IGCC cases use the EPRI targets established in their CoalFleet for Tomorrow work as
documented in the CoalFleet User Design Basis Specification for Coal-Based Integrated
Gasification Combined Cycle (IGCC) Power Plants, EPRI, Palo Alto, CA, 2009.

PC and NGCC cases are based on best available control technology (BACT)

The primary conclusions that can be drawn are:

The NGCC baseline plant generates the lowest emissions, followed by IGCC and then
PC.

In NGCC cases, study assumptions result in zero emissions of SO, PM, and Hg. If the
pipeline natural gas contained the maximum amount of sulfur allowed by Environmental
Protection Agency (EPA) definition (0.6 gr/100 scf), SO, emissions would be 0.000839
kg/GJ (0.00195 Ib/MMBtu).

Based on vendor data it was assumed that dry low NOx (DLN) burners could achieve 25
ppmv (dry) at 15 percent O, and, coupled with a selective catalytic reduction (SCR) unit
that achieves 90 percent NOx reduction efficiency, would result in the environmental
target of 2.5 ppmv (dry) at 15 percent O, for both NGCC cases.

Based on vendor data it was assumed that Selexol, Sulfinol-M, and refrigerated
methyldiethanolamine (MDEA) could all meet the sulfur environmental target, hence
emissions of approximately 0.0128 Ib/MMBLtu in each of the IGCC non-capture cases. In
the CO, capture cases, to achieve 95 percent CO, capture from the syngas, the sulfur
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removal is greater than in the non-capture cases resulting in emissions of approximately
0.0009 kg/GJ (0.0022 Ib/MMBtu).

e It was a study assumption that each IGCC technology could meet the filterable particulate
emission limit with the combination of technologies employed. In the case of Shell and
CoP, this consists of cyclones, candle filters, and the syngas scrubber. In the case of GEE
particulate control consists of a water quench and syngas scrubber.

e Based on vendor data it was assumed that a combination of low NOx burners (LNBs) and
nitrogen (N2) dilution could limit IGCC NOx emissions to the environmental target of 15
ppmvd at 15 percent O,. The small variations in NOx emissions are due to small
variations in CT gas volumes.

e Based on vendor data it was assumed that 95 percent Hg removal could be achieved
using carbon beds thus meeting the environmental target. The Hg emissions are reported
in Exhibit ES-16 as Ib per trillion Btu to make the values the same order of magnitude as
the other reported values.

e [t was a study assumption that the PC FGD unit would remove 98 percent of the inlet
SOy, resulting in the environmental target of 0.037 kg/GJ (0.085 Ib/MMBtu). In the CO,
capture cases, the Econamine system employs a polishing scrubber to reduce emissions to
10 ppmv entering the CO, absorber. Nearly all of the remaining SO, is absorbed by the
Econamine solvent resulting in negligible emissions of SO, in those cases.

e In PC cases, it was a study assumption that a fabric filter would remove 99.8 percent of
the entering particulate and that there is an 80/20 split between fly ash and bottom ash.
The result is the environmental target of 0.006 kg/GJ (0.013 Ib/MMBtu) of filterable
particulate.

e In PC cases, it was a study assumption that NOx emissions exiting the boiler equipped
with LNBs and overfire air (OFA) would be 0.22 kg/GJ (0.50 Ib/MMBtu) and that an
SCR unit would further reduce the NOx by 86 percent, resulting in the environmental
target of 0.030 kg/GJ (0.070 Ib/MMBtu).

e In PC cases, it was a study assumption that the environmental target of 90 percent of the
incoming Hg would be removed by the combination of SCR, fabric filter and wet FGD
thus eliminating the need for activated carbon injection. The resulting Hg emissions for
each of the PC cases are 4.92 x 10”7 kg/GJ (1.14 Ib/TBtu).

CO;emissions are not currently regulated. However, since there is increasing momentum for
establishing carbon limits, it was an objective of this study to examine the relative amounts of
CO;, capture achievable among the six technologies. CO, emissions are presented in

Exhibit ES-17 for each case, normalized by net output. In the body of the report CO, emissions
are presented on both a net and gross MWh basis. New Source Performance Standards (NSPS)
contain emission limits for SO, and NOx on a Ib/(gross) MWh basis. However, since CO,
emissions are not currently regulated, the potential future emission limit basis is not known and
CO, emissions are presented in both ways. The following conclusions can be drawn:
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Exhibit ES-15 SO,, NOx, and Particulate Emission Rates

Emissions, Ib/MMBtu

0.12
mSO2
0.10 m NOx
M@ Particulate Matter
0.08
0.06
0.04
0.02
0.00 - . I , I ,
GEE GEE w/CO2 CoP CoP w/ CO2 Shell Shell w/ CO2 Subcritical Subcritical Supercritical Supercritical NGCC NGCCw/
Capture Capture Capture PC PCw/ CO2 PC PCw/ CO2 CO2 Capture
Capture Capture
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Exhibit ES-16 Mercury Emission Rates

Hg Emissions, Ib/TBtu
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In cases with no CO, capture, NGCC emits 56 percent less CO, than PC and 52 percent
less CO, than IGCC per unit of net output. The lower NGCC CO, emissions reflect the
lower carbon intensity of natural gas relative to coal and the higher cycle efficiency of
NGCC relative to IGCC and PC. Based on the fuel compositions used in this study,
natural gas contains 41 Ib carbon/MMBtu of heat input and coal contains 55 Ib/MMBtu.

The CO;, reduction goal in this study was a nominal 90 percent in all cases. The result is
that the controlled CO, emissions follow the same trend as the uncontrolled, i.e., the
NGCC case emits less CO, than the IGCC cases, which emit less than the PC cases.

In the IGCC cases the nominal 90 percent CO, reduction was accomplished by using two
sour gas shift (SGS) reactors to convert carbon monoxide (CO) to CO,. A two-stage
Selexol process with a second stage CO, removal efficiency of 92 percent, a number that
was supported by vendor quotes, was used in the GEE and Shell cases. The GEE CO,
capture case resulted in 90.3 percent reduction of CO; in the syngas. The Shell capture
case resulted in 90.1 percent reduction of CO; in the syngas. In the CoP case, in order for
the capture target of 90 percent to be achieved, the Selexol efficiency was increased to 95
percent. This was done because of the high syngas methane content (1.5 vol% compared
to 0.10 vol% in the GEE gasifier and 0.06 vol% in the Shell gasifier). The CoP capture
case resulted in 90.4 percent reduction of CO; in the syngas.

Among the three non-capture IGCC cases the Shell process has slightly lower emissions
primarily because it is the most efficient. The emissions in the CO, capture cases are
nearly identical for each case.

The PC and NGCC cases both assume that all of the carbon in the fuel is converted to
CO; in the FG and that 90 percent is subsequently removed in the Econamine process,
which was also supported by a vendor quote.
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Exhibit ES-17 CO, Emissions Normalized By Net Output

CO, Emissions, Ib/net-MWh
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1. INTRODUCTION

The objective of this report is to present an accurate, independent assessment of the cost and
performance of fossil energy power systems, specifically IGCC, PC, and NGCC plants, in a
consistent technical and economic manner that accurately reflects current market conditions.
This is Volume 1 of a four volume report. The four volume series consists of the following:

e Volume 1: Bituminous Coal and Natural Gas to Electricity

e Volume 2: Coal to Synthetic Natural Gas and Ammonia (Various Coal Ranks)
e Volume 3: Low Rank Coal and Natural Gas to Electricity

e Volume 4: Bituminous Coal to Liquid Fuels with Carbon Capture

The cost and performance of the various fossil fuel-based technologies will largely determine
which technologies will be utilized to meet the demands of the power market. Selection of new
generation technologies will depend on many factors, including:

e Capital and operating costs

e Overall energy efficiency

e Fuel prices

e Cost of electricity (COE)

e Auvailability, reliability, and environmental performance

e Current and potential regulation of air, water, and solid waste discharges from fossil-
fueled power plants

e Market penetration of clean coal technologies that have matured and improved as a result
of recent commercial-scale demonstrations under the DOE’s Clean Coal Programs

Twelve different power plant design configurations were analyzed. The configurations are listed
in Exhibit 1-1. The list includes six IGCC cases utilizing the GEE, CoP, and Shell gasifiers each
with and without CO, capture, and six cases representing conventional technologies: PC-
subcritical, PC-SC, and NGCC plants, with and without CO, capture. While input was sought
from various technology vendors, the final assessment of performance and cost was determined
independently, and may not represent the views of the technology vendors. Individual vendors
have not reviewed this report and the extent of collaboration with technology vendors varied
from case to case, with minimal or no collaboration obtained from some vendors.

Cases 7 and 8 were originally included in this study and involve production of SNG and the
repowering of an existing NGCC facility using SNG. The two SNG cases were subsequently
moved to Volume 2 of this report resulting in the discontinuity of case numbers (1-6 and 9-14).

GENERATING UNIT CONFIGURATIONS

A summary of plant configurations considered in this study is presented in Exhibit 1-1.
Components for each plant configuration are described in more detail in the corresponding report
sections for each case.
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The IGCC cases have different gross and net power outputs because of the gas turbine (GT) size
constraint. The advanced F-class turbine used to model the IGCC cases comes in a standard size
of 232 MW when operated on syngas at International Standards Organization (1SO) conditions.
Each case uses two CTs for a combined gross output of 464 MW. In the combined cycle a heat
recovery steam generator (HRSG) extracts heat from the CT exhaust to power a steam turbine.
However, the CO, capture cases consume more extraction steam than the non-capture cases, thus
reducing the steam turbine output. In addition, the capture cases have a higher auxiliary load
requirement than non-capture cases, which serves to further reduce net plant output. While the
two CTs provide 464 MW gross output in all six cases, the overall combined cycle gross output
ranges from 673 to 748 MW, which results in a range of net output from 497 (case 6) to 629 MW
(case 5). The coal feed rate required to achieve the gross power output is also different between
the six cases, ranging from 198,220 to 220,899 kg/hr (437,000 to 487,000 Ib/hr).

Similar to the IGCC cases, the NGCC cases do not have a common net power output. The
NGCC system is again constrained by the available CT size, which is 181 MW at ISO conditions
for both cases (based on the same advanced F class turbine used in the IGCC cases). Since the
CO;, capture case requires both a higher auxiliary power load and a significant amount of
extraction steam, which significantly reduces the steam turbine output, the net output in the
NGCC case is also reduced.

All four PC cases have a net output of 550 MW. The boiler and steam turbine industry’s ability
to match unit size to a custom specification has been commercially demonstrated enabling a
common net output comparison of the PC cases in this study. The coal feed rate was increased
in the CO,, capture cases to increase the gross steam turbine output and account for the higher
auxiliary load, resulting in a constant net output.

The balance of this report is organized as follows:
e Chapter 2 provides the basis for technical, environmental, and cost evaluations.

e Chapter 3 describes the IGCC technologies modeled and presents the results for the
six IGCC cases.

e Chapter 4 describes the PC technologies modeled and presents the results for the four
PC cases.

e Chapter 5 describes the NGCC technologies modeled and presents the results for the
two NGCC cases.

e Chapter 6 is a supplemental chapter examining the impact of dry and parallel cooling
systems.

e Chapter 7 is a supplemental chapter examining the cost and performance of a GEE
gasifier in a quench-only configuration with CO, capture.

e Chapter 8 is a supplemental chapter examining the COE sensitivity to
monoethanolamine (MEA) system performance and cost.

e Chapter 9 includes a record of report revisions.

e Chapter 10 contains the reference list.
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Exhibit 1-1 Case Descriptions

. . - . . Sulfur CO» CO»
Steam Cycle, .
y psig 9y Recovery tion P tion
1 | 16cc 1800105071050 | 2 X Advanced F | e e padiant Only| 95 moloe 0, | SINIIE-StAGE |y g plant | Quench, scrubber | - iy
Class Selexol and AGR adsorber
nd
2 | 16cc |1800/1000/1000 | 2 X Advanced F | -e e podiant Only| 95 molo O, [Two-Stage Selexol| Claus Plant | QUENCN: SCIUbber 1y oy | SEIEX0l 25 g0 | ot site
Class and AGR adsorber stage
2 x Advanced F Refrigerated Cyclone, barrier filter _—
3 IGCC |1800/1050/1050 Class CoP E-Gas™ | 95 mol% O, MDEA Claus Plant and scrubber N dilution
2 x Advanced F CacTM o Cyclone, barrier filter I Selexol 2™ ol o
4 IGCC |1800/1000/1000 Class CoP E-Gas 95 mol% O, Selexol Claus Plant and scrubber N dilution stage 90% Off-Site
2 x Advanced F ) Cyclone, barrier filter A
5 IGCC |1800/1050/1050 Class Shell 95 mol% O, Sulfinol-M Claus Plant and scrubber N dilution
. . nd
6 | I1Gcc |1800/1000/1000| 2 X Advanced F Shell 95 mol% O, Selexol Claus Plant |CY¢lone, barrier filter| -y, i | Selexol 25 - gq0e1 | ot site
Class and scrubber stage
9 PC |2400/1050/1050 Subcritical PC Air Wet FGD/ Baghouse LNB w/OFA
Gypsum and SCR
" . Wet FGD/ LNB w/OFA | Amine .
10 PC |2400/1050/1050 Subcritical PC Air Gypsum Baghouse and SCR Absorber 90% Off-Site
. . Wet FGD/ LNB w/OFA
11 PC |3500/1100/1100 Supercritical PC Air Gypsum Baghouse and SCR
i . Wet FGD/ LNB w/OFA | Amine o .
12 PC |3500/1100/1100 Supercritical PC Air Gypsum Baghouse and SCR Absorber 90% Off-Site
13 | NGCC |2400/1050/1050 | 2 X Advanced F HRSG Air LNB and
Class SCR
2 x Advanced F . LNB and Amine .
14 NGCC |2400/1050/1050 Class HRSG Air SCR Absorber 90% Off-Site

! Defined as the percentage of carbon in the syngas that is captured; differences are explained in Chapter 3.
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2. GENERAL EVALUATION BASIS

For each of the plant configurations in this study an Aspen model was developed and used to
generate material and energy balances, which in turn were used to provide a design basis for
items in the major equipment list. The equipment list and material balances were used as the
basis for generating the capital and operating cost estimates. Performance and process limits
were based upon published reports, information obtained from vendors and users of the
technology, performance data from design/build utility projects, and/or best engineering
judgment. Capital and operating costs were estimated by WorleyParsons based on simulation
results and through a combination of vendor quotes, scaled estimates from previous design/build
projects, or a combination of the two. Ultimately a COE was calculated for each of the cases and
IS reported as the revenue requirement figure-of-merit.

The balance of this chapter documents the design basis common to all technologies, as well as
environmental targets and cost assumptions used in the study. Technology specific design
criteria are covered in subsequent chapters.

2.1 SITE CHARACTERISTICS

All plants in this study are assumed to be located at a generic plant site in Midwestern U.S., with
ambient conditions and site characteristics as presented in Exhibit 2-1 and Exhibit 2-2. The
ambient conditions are the same as ISO conditions.

Exhibit 2-1 Site Ambient Conditions

Elevation, (ft) 0
Barometric Pressure, MPa (psia) 0.10 (14.696)
Design Ambient Temperature, Dry Bulb, °C (°F) 15 (59)
Design Ambient Temperature, Wet Bulb,°C, (°F) 11 (51.5)
Design Ambient Relative Humidity, % 60
Exhibit 2-2 Site Characteristics
Location Greenfield, Midwestern USA
Topography Level
Size, acres 300 (PC/IGCC), 100 (NGCC)
Transportation Rail
Ash/Slag Disposal Off Site
Water Municipal (50%) / Groundwater (50%)
Access Land locked, having access by rail and highway
Compressed to 15.3 MPa (2,215 psia), transported 80
CO; Storage kilometers (50 miles) and sequestered in a saline
formation at a depth of 1,239 m (4,055 ft)
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The land area for PC and IGCC cases assumes 30 acres are required for the plant proper and the
balance provides a buffer of approximately 0.25 miles to the fence line. The extra land could
also provide for a rail loop if required. In the NGCC cases it was assumed the plant proper
occupies about 10 acres leaving a buffer of 0.15 miles to the plant fence line.

In all cases it was assumed that the steam turbine is enclosed in a turbine building and in the PC
cases the boiler is also enclosed. The gasifier in the IGCC cases and the CTs in the IGCC and
NGCC cases are not enclosed.

The following design parameters are considered site-specific, and are not quantified for this
study. Allowances for normal conditions and construction are included in the cost estimates.

e Flood plain considerations

e EXisting soil/site conditions

e Water discharges and reuse

e Rainfall/snowfall criteria

e Seismic design

e Buildings/enclosures

e Local code height requirements

e Noise regulations — Impact on site and surrounding area

2.2 COAL CHARACTERISTICS

The design coal is Illinois No. 6 with characteristics presented in Exhibit 2-3. The coal
properties are from NETL’s Coal Quality Guidelines [1].

The Power Systems Financial Model (PSFM) was used to derive the capital charge factors (CCF)
and levelization factors (LF) for this study [2]. The PSFM requires that all cost inputs have a
consistent cost year basis. Because the capital and operating cost estimates are in June 2007
dollars, the fuel costs must also be in June 2007 dollars.

The coal cost used in this study is $1.55/GJ ($1.64/MMBtu) (2007 cost of coal in June 2007
dollars). This cost was determined using the following information from the EIA 2008 AEO:

e The 2007 minemouth cost of lllinois No. 6 in 2006 dollars, $32.66/tonne
($29.63/ton), was obtained from Supplemental Table 112 of the EIA’s 2008 AEO for
eastern interior high-sulfur bituminous coal.

e The cost of Illinois No. 6 coal was escalated to 2007 dollars using the gross domestic
product (GDP) chain-type price index from AEO 2008, resulting in a price of
$33.67/tonne ($30.55/ton) [3].

e Transportation costs for Illinois No. 6 were estimated to be 25 percent of the
minemouth cost based on the average transportation rate of the respective coals to the
surrounding regions [4]. The final delivered costs for Illinois No. 6 coal used in the
calculations is $42.09/tonne ($38.18/ton) or $1.55/GJ ($1.64/MMBtu). (Note: The
Illinois No. 6 coal cost of $1.6366/MMBtu was used in calculations, but only two
decimal places are shown in the report.)
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Exhibit 2-3 Design Coal

Rank Bituminous
Seam Illinois No. 6 (Herrin)
Source Old Ben Mine

Proximate Analysis (weight %) (Note A)

As Received Dry

Moisture 11.12 0.00

Ash 9.70 10.91
Volatile Matter 34.99 39.37
Fixed Carbon 44.19 49.72
Total 100.00 100.00
Sulfur 2.51 2.82

HHV, kJ/kg 27,113 30,506
HHYV, Btu/lb 11,666 13,126
LHV, kJ/kg 26,151 29,544
LHV, Btu/lb 11,252 12,712

Ultimate Analysis (weight %0)

As Received Dry

Moisture 11.12 0.00
Carbon 63.75 71.72
Hydrogen 4.50 5.06
Nitrogen 1.25 1.41
Chlorine 0.29 0.33
Sulfur 251 2.82
Ash 9.70 10.91
Oxygen (Note B) 6.88 7.75
Total 100.00 100.00

Notes: A. The proximate analysis assumes sulfur as volatile matter
B. By difference
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2.3 NATURAL GAS CHARACTERISTICS

Natural gas is utilized as the main fuel in Cases 13 and 14 (NGCC with and without CO,
capture), and its composition is presented in Exhibit 2-4 [5].

Exhibit 2-4 Natural Gas Composition

Component Volume Percentage
Methane CH,4 93.1
Ethane CoHs 3.2
Propane CsHg 0.7
n-Butane C4H1o 0.4
Carbon Dioxide | CO; 1.0
Nitrogen N> 1.6

Total 100.0
LHV HHV
kJ/kg 47,454 52,581
MJ/scm 34.71 38.46
Btu/lb 20,410 22,600
Btu/scf 932 1,032

Note: Fuel composition is normalized and heating values are calculated

The first year cost of natural gas used in this study is $6.21/MMkJ ($6.55/MMBtu) (2007 cost of
natural gas in 2007 dollars). The cost was determined using the following information from the
EIA’s 2008 AEO:

e The 2007 East North Central region delivered cost of natural gas to electric utilities in
2006 dollars, $231.47/1000 m® ($6.55/1000 ft*), was obtained from the AEO 2008
reference case Table 108 and converted to an energy basis, $6.02/MMkJ
($6.35/MMBtu).

e The 2007 cost was escalated to 2007 dollars using the GDP chain-type price index
from AEO 2008, resulting in a delivered 2007 price in 2007 dollars of $6.21/MMkJ
($6.55/MMBtu) [3]. (Note: The natural gas cost of $6.5478/MMBtu was used in
calculations, but only two decimal places are shown in the report.)

24 ENVIRONMENTAL TARGETS

The environmental targets for the study were considered on a technology- and fuel-specific basis.
In setting the environmental targets a number of factors were considered, including current
emission regulations, regulation trends, results from recent permitting activities and the status of
current BACT.

The current federal regulation governing new fossil-fuel fired electric utility steam generating
units is the NSPS as amended in February 2006 and shown in Exhibit 2-5, which represents the

34



Cost and Performance Baseline for Fossil Energy Plants

minimum level of control that would be required for a new fossil energy plant [6]. Stationary
CT emission limits are further defined in 40 CFR Part 60, Subpart KKKK.

Exhibit 2-5 Standards of Performance for Electric Utility Steam Generating Units
Built, Reconstructed, or Modified After February 28, 2005

New Units Reconstructed Units Modified Units
. Emission Emission
(0) [0)
Erlr_]ilrsr?ilfn Redu/?:tion Limit % Reduction Limit Redu/(c)tion
(Ib/MMBtu) (Ib/MMBtu)
0.015

PM Ib/MMBtu 99.9 0.015 99.9 0.015 99.8
SO, 1.4 Ib/MWh 95 0.15 95 0.15 90
NOx | 1.0 Ib/MWh N/A 0.11 N/A 0.15 N/A

The new NSPS standards apply to units with the capacity to generate greater than 73 MW of
power by burning fossil fuels, as well as cogeneration units that sell more than 25 MW of power
and more than one-third of their potential output capacity to any utility power distribution
system. The rule also applies to combined cycle, including IGCC plants, and combined heat and
power CTs that burn 75 percent or more synthetic-coal gas. In cases where both an emission
limit and a percent reduction are presented, the unit has the option of meeting one or the other.
All limits with the unit Ib/MWh are based on gross power output.

Other regulations that could affect emissions limits from a new plant include the New Source
Review (NSR) permitting process and Prevention of Significant Deterioration (PSD). The NSR
process requires installation of emission control technology meeting either BACT determinations
for new sources being located in areas meeting ambient air quality standards (attainment areas),
or Lowest Achievable Emission Rate (LAER) technology for sources being located in areas not
meeting ambient air quality standards (non-attainment areas). Environmental area designation
varies by county and can be established only for a specific site location. Based on the EPA
Green Book Non-attainment Area Map relatively few areas in the Midwestern U.S. are classified
as “non-attainment” so the plant site for this study was assumed to be in an attainment area [7].

In addition to federal regulations, state and local jurisdictions can impose even more stringent
regulations on a new facility. However, since each new plant has unique environmental
requirements, it was necessary to apply some judgment in setting the environmental targets for
this study.

As of October 2009, no active legislation establishes acceptable mercury emission levels. The
levels previously established by the Clean Air Mercury Rule (CAMR) have been vacated
through the D.C Circuit Court. Until new limits are established, the previously established
CAMR levels are used in this report. The CAMR established NSPS limits for Hg emissions
from new PC-fired boilers based on coal type as well as for IGCC units independent of coal type.
The NSPS limits, based on gross output, are shown in Exhibit 2-6 [8]. The applicable limit in
this study is 20 x 10°® Ib/MWh for both bituminous coal-fired PC boilers and for IGCC units.
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Exhibit 2-6 NSPS Mercury Emission Limits

Coal Type / Technology | Hg Emission Limit

Bituminous 20 x 10°® Ib/MWh
Subbituminous (wet units) | 66 x 10° [b/MWh
Subbituminous (dry units) 97 x 10 Ib/MWh

Lignite 175 x 10°® Ib/MWh
Coal refuse 16 x 10°° Ib/MWh
IGCC 20 x 10 Io/MWh

The mercury content of 34 samples of Illinois No. 6 coal has an arithmetic mean value of

0.09 ppm (dry basis) with standard deviation of 0.06 based on coal samples shipped by Illinois
mines [9]. Hence, as illustrated in Exhibit 2-7, there is a 50 percent probability that the mercury
content in the Illinois No. 6 coal would not exceed 0.09 ppm (dry basis). The coal mercury
content for this study was assumed to be 0.15 ppm (dry) for all IGCC and PC cases, which
corresponds to the mean plus one standard deviation and encompasses about 84 percent of the
samples. It was further assumed that all of the coal Hg enters the gas phase and none leaves with
the bottom ash or slag.

The current NSPS emission limits are provided below for each technology along with the
environmental targets for this study and the control technologies employed to meet the targets.
In some cases, application of the control technology results in emissions that are less than the
target, but in no case are the emissions greater than the target.

Exhibit 2-7 Probability Distribution of Mercury Concentration in the Illinois No. 6 Coal
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24.1 1GCC

The IGCC environmental targets were chosen to match the EPRI’s design basis for their
CoalFleet for Tomorrow Initiative and are shown in Exhibit 2-8 [10]. EPRI notes that these are
design targets and are not to be used for permitting values.

Exhibit 2-8 Environmental Targets for IGCC Cases

Environmental

T |
Pollutant Target NSPS Limit Control Technology
NOX 15 ppmv (dry) 1.0 Ib/MWh Low NOx burners and
@ 15% O, (0.091 Ib/MMBLtu) syngas nitrogen dilution
Selexol, MDEA or Sulfinol
SO, 0.0128 Ib/MMBtu 1.4 I/MWh (depending on gasifier

(0.127 Ib/MMBLtu) technology)

Quench, water scrubber,

Particulate and/or cyclones and candle
Matter 0.0071 Ib/MMBtu | 0.015 Ib/MMBtu orey .
. filters (depending on
(Filterable) e
gasifier technology)
-6
Mercury > 90% capture 20 x10 " Ib/MWh Carbon bed

(1.8 Ib/TBt)

! The value in parentheses is calculated based on the highest IGCC heat rate in this study of 10,998 Btu/kWh, CoP
E-Gas with CO, capture.

Based on published vendor literature, it was assumed that LNBs and nitrogen dilution can
achieve 15 ppmvd at 15 percent O, and that value was used for all IGCC cases [11,12].

To achieve an environmental target of 0.0128 Ib/MMBtu of SO, requires approximately 28 ppmv
sulfur in the sweet syngas. The acid gas removal (AGR) process must have a sulfur capture
efficiency of about 99.7 percent to reach the environmental target. Vendor data on each of the
three AGR processes used in the non-capture cases indicate that this level of sulfur removal is
possible. In the CO, capture cases, the two-stage Selexol process was designed for 95 percent
CO, removal, which results in a sulfur capture of greater than 99.7 percent, hence the lower
sulfur emissions in the CO, capture cases.

Most of the coal ash is removed from the gasifier as slag. The ash that remains entrained in the
syngas is captured in the downstream equipment, including the syngas scrubber and a cyclone
and either ceramic or metallic candle filters (CoP and Shell). The environmental target of 0.0071
Ib/MMBtu filterable particulates can be achieved with each combination of particulate control
devices so that in each IGCC case it was assumed the environmental target was met exactly.

The environmental target for mercury capture is greater than 90 percent. Based on experience at
the Eastman Chemical plant, where syngas from a GEE gasifier is treated, the actual mercury
removal efficiency used is 95 percent. Sulfur-impregnated activated carbon is used by Eastman
as the adsorbent in the packed beds operated at 30°C (86°F) and 6.2 MPa (900 psig). Mercury
removal between 90 and 95 percent has been reported with a bed life of 18 to 24 months.
Removal efficiencies may be even higher, but at 95 percent the measurement precision limit was
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reached. Eastman has yet to experience any mercury contamination in its product [13]. Mercury
removals of greater than 99 percent can be achieved by the use of dual beds, i.e., two beds in
series. However, this study assumes that the use of sulfur-impregnated carbon in a single carbon
bed achieves 95 percent reduction of mercury emissions, which meets the environmental target
and NSPS limits in all cases.

242 PC

BACT was applied to each of the PC cases and the resulting emissions compared to NSPS limits
and recent permit averages. Since the BACT results met or exceeded the NSPS requirements
and the average of recent permits, they were used as the environmental targets as shown in
Exhibit 2-9. The average of recent permits is comprised of 8 units at 5 locations. The 5 plants
include EIm Road Generating Station, Longview Power, Prairie State, Thoroughbred, and Cross.

It was assumed that LNBs and staged OFA would limit NOx emissions to 0.5 Ib/MMBtu and
that SCR technology would be 86 percent efficient, resulting in emissions of 0.07 Ib/MMBtu for
all cases.

The wet limestone scrubber was assumed to be 98 percent efficient, which results in SO,
emissions of 0.085 Ib/MMBtu. Current technology allows FGD removal efficiencies in excess
of 99 percent, but based on NSPS requirements and recent permit averages, such high removal
efficiency is not necessary.

The fabric filter used for particulate control was assumed to be 99.8 percent efficient. The result
is particulate emissions of 0.013 Ib/MMBtu in all cases, which also exceeds NSPS and recent
permit average requirements.

Exhibit 2-9 Environmental Targets for PC Cases

Environmental AuEVAgEION Control
Pollutant NSPS Limit Recent
Target Permi Technology
ermits
1.0 Ib/MWh 0.08 Low NOXx
NOX 0.07 Ib/MMBtu (0.111 Ib/M.MBtu burners, overfire
Ib/MMBtu) air and SCR
SO, 0.085 1'4(gb/1'\5/2N h 0.16 Wet limestone
Ib/MMBtu Ib/MMBtu) Ib/MMBtu scrubber
Particulate
0.013 0.017 ..
Mgtter Ib/MMBtu 0.015 Ib/MMBtu Ib/MMBtu Fabric filter
(Filterable)
20 x 10 Ib/MWh Co-benefit
Mercury 1.14 Ib/TBtu (2.2 Ib/TBtu) 2.49 Ib/TBtu capture
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Mercury control for PC cases was assumed to occur through 90 percent co-benefit capture in the
fabric filter and the wet FGD scrubber. EPA used a statistical method to calculate the Hg co-
benefit capture from units using a “best demonstrated technology” approach, which for
bituminous coals was considered to be a combination of a fabric filter and an FGD system. The
statistical analysis resulted in a co-benefit capture estimate of 86.7 percent with an efficiency
range of 83.8 to 98.8 percent [14]. EPA’s documentation for their Integrated Planning Model
(IPM) provides mercury emission modification factors (EMF) based on 190 combinations of
boiler types and control technologies. The EMF is simply one minus the removal efficiency.

For PC boilers (as opposed to cyclones, stokers, fluidized beds, and ‘others”) with a fabric filter,
SCR and wet FGD, the EMF is 0.1, which corresponds to a removal efficiency of 90 percent
[15]. The average reduction in total Hg emissions developed from EPA’s Information Collection
Request (ICR) data on U.S. coal-fired boilers using bituminous coal, fabric filters, and wet FGD
is 98 percent [16]. The referenced sources bound the co-benefit Hg capture for bituminous coal
units employing SCR, a fabric filter and a wet FGD system between 83.8 and 98 percent. Ninety
percent was chosen as near the mid-point of this range and it also matches the value used by EPA
in their IPM.

Since co-benefit capture alone exceeds the requirements of NSPS and recent permit averages, no
activated carbon injection is included in this study.
243 NGCC

BACT was applied to the NGCC cases and the resulting emissions compared to NSPS limits.
The NGCC environmental targets were chosen based on reasonably obtainable limits given the
control technologies employed and are presented in Exhibit 2-10.

Exhibit 2-10 Environmental Targets for NGCC Cases

Environmental 40 CFR Part 60, Control
Pollutant Target Subpart KKKK Technolo
g Limits gy
Low NOX burners
o) 0,
NOXx 25 ppmv @ 15% O, | 15 ppmv @ 15% O, and SCR
.. 0.9 Ib/MWh Low sulfur content
S0z Negligible (0.134 Ib/MMBtu)* fuel
Particulate Matter
(Filterable) N/A NIA NIA
Mercury N/A N/A N/A

! Assumes a heat rate of 6,719 Btu/kWh from the NGCC non-capture case.

Published vendor literature indicates that 25 ppmv NOx at 15 percent O, is achievable using
natural gas and DLN technology [17,18]. The application of SCR with 90 percent efficiency
further reduces NOx emissions to 2.5 ppmv, which was selected as the environmental target.
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For the purpose of this study, natural gas was assumed to contain a negligible amount of sulfur
compounds, and therefore generate negligible sulfur emissions. The EPA defines pipeline
natural gas as containing >70 percent methane by volume or having a gross calorific value
(GCV) of between 35.4 and 40.9 MJ/Nm? (950 and 1,100 Btu/scf) and having a total sulfur
content of less than 13.7 mg/Nm? (0.6 gr/100 scf) [19]. Assuming a sulfur content equal to the
EPA limit for pipeline natural gas, resulting SO, emissions for the two NGCC cases in this study
would be approximately 21 tonnes/yr (23.2 tons/yr) at 85 percent CF or 0.00084 kg/GJ (0.00195
Ib/MMBtu). Thus, for the purpose of this study, SO, emissions were considered negligible.

The pipeline natural gas was assumed to contain no particulate matter (PM) and no mercury
resulting in no emissions of either.

2.4.4 Carbon Dioxide

CO; is not currently regulated nationally. However, the possibility exists that federal carbon
limits will be imposed in the future and this study examines cases that include a reduction in CO,
emissions. Because the form of emission limits, should they be imposed, is not known, CO,
emissions are reported on both a Ib/(gross) MWh and Ib/(net) MWh basis in each capture case
emissions table.

For the IGCC cases that have CO, capture, the basis is a nominal 90 percent removal based on
carbon input from the coal and excluding carbon that exits the gasifier with the slag. In the GEE
and Shell cases, this was accomplished by using two SGS reactors, to convert CO to CO,, and a
two-stage Selexol process with a second stage CO, removal efficiency of 92 percent, a number
that was supported by vendor quotes. The GEE CO, capture case resulted in 90.3 percent
reduction of CO; in the syngas. The Shell capture case resulted in 90.1 percent reduction of CO,
in the syngas. In the CoP case, in order for the capture target of 90 percent to be achieved, a
third SGS reactor was added and the Selexol efficiency was increased to 95 percent (the
maximum removal efficiency supported by vendor quotes). This was done because of the high
syngas methane content (1.5 vol% compared to 0.10 vol% in the GEE gasifier and 0.06 vol% in
the Shell gasifier). The CoP capture case resulted in 90.4 percent reduction of CO, in the syngas.

For PC and NGCC cases that have CO; capture, it is assumed that all of the fuel carbon is
converted to CO; in the FG. CO; is also generated from limestone in the FGD system, and 90
percent of the CO, exiting the FGD absorber is subsequently captured using the Econamine
technology.

The cost of CO, capture was calculated as an avoided cost as illustrated in the equation below.
Analogous non-capture technologies and SC non-capture PC were chosen as separate reference
cases. The COE in the CO, capture cases includes TS&M as well as capture and compression.

. {COEWith removal —-COE
Avoided Cost = — —
{CO, Emissions —CO, Emissions

}$/MWh
}tons/MWh

reference

reference with removal
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2.5 CAPACITY FACTOR

This study assumes that each new plant would be dispatched any time it is available and would
be capable of generating maximum capacity when online. Therefore, CF and availability are
equal. The availability for PC and NGCC cases was determined using the Generating
Availability Data System (GADS) from the North American Electric Reliability Council
(NERC) [20]. Since there are only two operating IGCC plants in North America, the same
database was not useful for determining IGCC availability. Rather, input from EPRI and their
work on the CoalFleet for Tomorrow Initiative was used.

NERC defines an equivalent availability factor (EAF), which is essentially a measure of the plant
CF assuming there is always a demand for the output. The EAF accounts for planned and
scheduled derated hours as well as seasonal derated hours. As such, the EAF matches this
study’s definition of CF.

The average EAF for coal-fired plants in the 400-599 MW size range was 84.9 percent in 2004
and averaged 83.9 percent from 2000-2004. Given that many of the plants in this size range are
older, the EAF was rounded up to 85 percent and that value was used as the PC plant CF.

The average EAF for NGCC plants in the 400-599 MW size range was 84.7 percent in 2004 and
averaged 82.7 percent from 2000-2004. Using the same rationale as for PC plants, the EAF was
rounded up to 85 percent and that value was also used as the NGCC plant CF.

EPRI examined the historical forced and scheduled outage times for IGCCs and concluded that
the reliability factor (which looks at forced or unscheduled outage time only) for a single train
IGCC (no spares) would be about 90 percent [21]. To get the availability factor, one has to
deduct the scheduled outage time. In reality the scheduled outage time differs from gasifier
technology-to-gasifier technology, but the differences are relatively small and would have
minimal impact on the CF, so for this study it was assumed to be constant at a 30-day planned
outage per year (or two 15-day outages). The planned outage would amount to 8.2 percent of the
year, so the availability factor would be (90 percent - 8.2 percent), or 81.2 percent.

There are four operating IGCC’s worldwide that use a solid feedstock and are primarily power
producers (Polk, Wabash, Buggenum, and Puertollano). A 2006 report by Higman et al.
examined the reliability of these IGCC power generation units and concluded that typical annual
on-stream times are around 80 percent [22]. The CF would be somewhat less than the on-stream
time since most plants operate at less than full load for some portion of the operating year.
Given the results of the EPRI study and the Higman paper, a CF of 80 percent was chosen for
IGCC with no spare gasifier required.

The addition of CO; capture to each technology was assumed not to impact the CF. This
assumption was made to enable a comparison based on the impact of capital and variable
operating costs only. Any reduction in assumed CF would further increase the COE for the CO,
capture cases.

26 RAW WATER WITHDRAWAL AND CONSUMPTION

A water balance was performed for each case on the major water consumers in the process. The
total water demand for each subsystem was determined and internal recycle water available from
various sources like BFW blowdown and condensate from syngas or FG (in CO, capture cases)
was applied to offset the water demand. The difference between demand and recycle is raw
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water withdrawal. Raw water withdrawal is the water removed from the ground or diverted from
a surface-water source for use in the plant. Raw water consumption is also accounted for as the
portion of the raw water withdrawn that is evaporated, transpired, incorporated into products or
otherwise not returned to the water source it was withdrawn from.

Raw water makeup was assumed to be provided 50 percent by a publicly owned treatment works
(POTW) and 50 percent from groundwater. Raw water withdrawal is defined as the water
metered from a raw water source and used in the plant processes for any and all purposes, such
as cooling tower makeup, BFW makeup, slurry preparation makeup, ash handling makeup,
syngas humidification, quench system makeup, and FGD system makeup. The difference
between withdrawal and process water returned to the source is consumption. Consumption
represents the net impact of the process on the water source.

BFW blowdown and a portion of the sour water stripper blowdown were assumed to be treated
and recycled to the cooling tower. The cooling tower blowdown and the balance of the SWS
blowdown streams were assumed to be treated and 90 percent returned to the water source with
the balance sent to the ash ponds for evaporation.

The largest consumer of raw water in all cases is cooling tower makeup. It was assumed that all
cases utilized a mechanical draft, evaporative cooling tower, and all process blowdown streams
were assumed to be treated and recycled to the cooling tower. The design ambient wet bulb
temperature of 11°C (51.5°F) (Exhibit 2-1) was used to achieve a cooling water temperature of
16°C (60°F) using an approach of 5°C (8.5°F). The cooling water range was assumed to be
11°C (20°F). The cooling tower makeup rate was determined using the following:[23]

e Evaporative losses of 0.8 percent of the circulating water flow rate per 10°F of range
e Drift losses of 0.001 percent of the circulating water flow rate
e Blowdown losses were calculated as follows:

o Blowdown Losses = Evaporative Losses / (Cycles of Concentration - 1)

Where cycles of concentration is a measure of water quality, and a mid-range
value of 4 was chosen for this study.

The water balances presented in subsequent sections include the water demand of the major
water consumers within the process, the amount provided by internal recycle, the amount of raw
water withdrawal by difference, the amount of process water returned to the source and the raw
water consumption, again by difference.

2.7 COST ESTIMATING METHODOLOGY

The estimating methodology for capital costs, operations and maintenance costs, and CO, TS&M
costs are described below. The finance structure, basis for the discounted cash flow analysis, and
first-year COE cost calculations are also described.

2.7.1 Capital Costs

As illustrated in Exhibit 2-11, this study reports capital cost at four levels: Bare Erected Cost
(BEC), Total Plant Cost (TPC), Total Overnight Cost (TOC) and Total As-spent Capital (TASC).
BEC, TPC and TOC are “overnight” costs and are expressed in “base-year” dollars. The base
year is the first year of capital expenditure, which for this study is assumed to be 2007. TASC is
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expressed in mixed-year, current-year dollars over the entire capital expenditure period, which is
assumed to last five years coal plants (2007 to 2012) and three years for natural gas plants (2007
to 2010).

Exhibit 2-11 Capital Cost Levels and their Elements

) ) \ Bare Erected Cost
Total Plant Cost
Total Overnight Cost
Total As-Spent Cost

process equipment
supporting facilities BEC

direct and indirect labor
> TPC

EPC contractor services
process contingency

> TOC
’ > TASC

preproduction costs

project contingency

inventory capital
. . BEC, TPC and TOC are all
financing costs “overnight” costs expressed

other owner’s costs in base-year dollars.

/ TASC is expressed in mixed-

escalation during capital expenditure period year current dollars, spread

) ] ] ] ) over the capital expenditure
intereston debt during capital expenditure period j period.

The BEC comprises the cost of process equipment, on-site facilities and infrastructure that
support the plant (e.g., shops, offices, labs, road), and the direct and indirect labor required for its
construction and/or installation. The cost of EPC services and contingencies is not included in
BEC. BEC is an overnight cost expressed in base-year (2007) dollars.

The TPC comprises the BEC plus the cost of services provided by the engineering, procurement
and construction (EPC) contractor and project and process contingencies. EPC services include:
detailed design, contractor permitting (i.e., those permits that individual contractors must obtain
to perform their scopes of work, as opposed to project permitting, which is not included here),
and project/construction management costs. TPC is an overnight cost expressed in base-year
(2007) dollars.

The TOC comprises the TPC plus owner’s costs. TOC is an “overnight” cost, expressed in base-
year (2007) dollars and as such does not include escalation during construction or interest during
construction. TOC is an overnight cost expressed in base-year (2007) dollars.

The TASC is the sum of all capital expenditures as they are incurred during the capital
expenditure period including their escalation. TASC also includes interest during construction.
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Accordingly, TASC is expressed in mixed, current-year dollars over the capital expenditure
period.

Cost Estimate Basis and Classification

The TPC and Operation and Maintenance (O&M) costs for each of the cases in the study were
estimated by WorleyParsons using an in-house database and conceptual estimating models.
Costs were further calibrated using a combination of adjusted vendor-furnished and actual cost
data from recent design projects.

Recommended Practice 18R-97 of the Association for the Advancement of Cost Engineering
International (AACE) describes a Cost Estimate Classification System as applied in Engineering,
Procurement and Construction for the process industries [24].

Most techno-economic studies completed by NETL feature cost estimates intended for the
purpose of a “Feasibility Study” (AACE Class 4). Exhibit 2-12 describes the characteristics of
an AACE Class 4 Cost Estimate. Cost estimates in this study have an expected accuracy range
of -15%/+30%.

Exhibit 2-12 Features of an AACE Class 4 Cost Estimate

Project . . .
Definition Typical Engineering Completed Expected Accuracy
plant capacity, block schematics, indicated _15% to -30% on the low
110 15% layout, process fI(_)w_dlagrams_ for main process side. and -20% to +50% on
systems, and preliminary engineered process and the hiah side
utility equipment lists g

System Code-of-Accounts

The costs are grouped according to a process/system oriented code of accounts. This type of
code-of-account structure has the advantage of grouping all reasonably allocable components of
a system or process so they are included in the specific system account. (This would not be the
case had a facility, area, or commodity account structure been chosen instead).

Plant Maturity

Cost estimates in this report reflect nth-of-a-kind (NOAK) costs for plants that only contain fully
mature technologies which have been widely deployed at commercial scale, e.g., PC and NGCC
power plants without CO, capture. The cost of such plants has dropped over time due to the
"learning by doing™ and risk reduction benefits that result from serial deployments as well as
from continuing R&D.

Cost estimates in this report reflect the cost of the next commercial offering for plants that
include technologies that are not yet fully mature and/or which have not yet been serially
deployed in a commercial context, e.g., IGCC plants and any plant with CO, capture. These cost
estimates for next commercial offerings do not include the unique cost premiums associated with
first-of-a-kind (FOAK) plants that must demonstrate emerging technologies and resolve the cost
and performance challenges associated with initial iterations. However, these estimates do
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utilize currently available cost bases for emerging technologies with associated process
contingencies applied at the appropriate subsystem levels.

Cost estimates for all of the plants, regardless of technology maturity, are based on many design
assumptions that affect costs, including the use of a favorable site with no unusual characteristics
that make construction more costly. The primary value of this report lies not in the absolute
accuracy of cost estimates for the individual cases (estimated to be -15%/+30%), but in the fact
that all cases were evaluated using a common methodology with an internally consistent set of
technical and economic assumptions. This consistency of approach allows meaningful
comparisons of relative costs among the cases evaluated.

Contracting Strategy

The estimates are based on an EPCM approach utilizing multiple subcontracts. This approach
provides the Owner with greater control of the project, while minimizing, if not eliminating most
of the risk premiums typically included in an Engineer/Procure/Construct (EPC) contract price.

In a traditional lump sum EPC contract, the Contractor assumes all risk for performance,
schedule, and cost. However, as a result of current market conditions, EPC contractors appear
more reluctant to assume that overall level of risk. Rather, the current trend appears to be a
modified EPC approach where much of the risk remains with the Owner. Where Contractors are
willing to accept the risk in EPC type lump-sum arrangements, it is reflected in the project cost.
In today’s market, Contractor premiums for accepting these risks, particularly performance risk,
can be substantial and increase the overall project costs dramatically.

The EPCM approach used as the basis for the estimates here is anticipated to be the most cost
effective approach for the Owner. While the Owner retains the risks, the risks become reduced
with time, as there is better scope definition at the time of contract award(s).

Estimate Scope

The estimates represent a complete power plant facility on a generic site. The plant boundary
limit is defined as the total plant facility within the “fence line” including coal receiving and
water supply system, but terminating at the high voltage side of the main power transformers.
TS&M cost is not included in the reported capital cost or O&M costs, but is treated separately
and added to the COE.

Capital Cost Assumptions

WorleyParsons developed the capital cost estimates for each plant using the company’s in-house
database and conceptual estimating models for each of the specific technologies. This database
and the respective models are maintained by WorleyParsons as part of a commercial power plant
design base of experience for similar equipment in the company’s range of power and process
projects. A reference bottoms-up estimate for each major component provides the basis for the
estimating models.

Other key estimate considerations include the following:

e Labor costs are based on Midwest, Merit Shop. The estimating models are based on U.S.
Gulf Coast and the labor has been factored to Midwest. The basis for the factors is the
PAS, Inc. (PAS) “Merit Shop Wage & Benefit Survey,” which is published annually.
Based on the data provided in PAS, WorleyParsons used the weighted average payroll
plus fringe rate for a standard craft distribution as developed for the estimating models.
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PAS presents information for eight separate regions. For this study, Region 5 (IL, IN,
MI, MN, OH, and WI) was selected.

e The estimates are based on a competitive bidding environment, with adequate skilled
craft labor available locally.

e Labor is based on a 50-hour work-week (5-10s). No additional incentives such as per-
diems or bonuses have been included to attract craft labor.

e While not included at this time, labor incentives may ultimately be required to attract and
retain skilled labor depending on the amount of competing work in the region, and the
availability of skilled craft in the area at the time the projects proceed to construction.

e The estimates are based on a greenfield site.

e The site is considered to be Seismic Zone 1, relatively level, and free from hazardous
materials, archeological artifacts, or excessive rock. Soil conditions are considered
adequate for spread footing foundations. The soil bearing capability is assumed adequate
such that piling is not needed to support the foundation loads.

e Costs are limited to within the “fence line,” terminating at the high voltage side of the
main power transformers with the exception of costs included for TS&M, which are
treated as an addition to COE.

e Engineering and Construction Management are estimated at 8-10 percent of BEC. These
costs consist of all home office engineering and procurement services as well as field
construction management costs. Site staffing generally includes a construction manager,
resident engineer, scheduler, and personnel for project controls, document control,
materials management, site safety, and field inspection.

Price Fluctuations

During the course of this study, the prices of equipment and bulk materials fluctuated quite
substantially. Some reference quotes pre-dated the 2007 year cost basis while others were
received post-2007. All vendor quotes used to develop these estimates were adjusted to June
2007 dollars accounting for the price fluctuations. Adjustments of costs pre-dating 2007
benefitted from a vendor survey of actual and projected pricing increases from 2004 through
mid-2007 that WorleyParsons conducted for another project. The results of that survey were
used to validate/recalibrate the corresponding escalation factors used in the conceptual
estimating models. The more recent economic down turn has resulted in a reduction of
commaodity prices such that many price indices have similar values in January 2010 compared to
June 2007. For example, the Chemical Engineering Plant Cost Index was 532.7 in June 2007
and 532.9 in January 2010, and the Gross Domestic Product Chain-type Price Index was 106.7
onJuly 1, 2007 and 110.0 on January 1, 2010. While these overall indices are nearly constant, it
should be noted that the cost of individual equipment types may still deviate from the June 2007
reference point.

Cross-comparisons

In all technology comparison studies, the relative differences in costs are often more significant
than the absolute level of TPC. This requires cross-account comparison between technologies to
review the consistency of the direction of the costs.
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In performing such a comparison, it is important to reference the technical parameters for each
specific item, as these are the basis for establishing the costs. Scope or assumption differences
can quickly explain any apparent anomalies. There are a number of cases where differences in
design philosophy occur. Some key examples are:

e The CT account in the GEE IGCC cases includes a syngas expander, which is not
required for the CoP or Shell cases.

e The CTs for the IGCC capture cases include an additional cost for firing a high hydrogen
content fuel.

e The Shell gasifier syngas cooling configuration is different between the CO,-capture and
non-CO,-capture cases, resulting in a significant differential in thermal duty between the
syngas coolers for the two cases.

Exclusions

The capital cost estimate includes all anticipated costs for equipment and materials, installation
labor, professional services (Engineering and Construction Management), and contingency. The
following items are excluded from the capital costs:

o All taxes, with the exception of payroll and property taxes (property taxes are included
with the fixed O&M costs)

e Site specific considerations — including, but not limited to, seismic zone, accessibility,
local regulatory requirements, excessive rock, piles, laydown space, etc.

e Labor incentives in excess of 5-10s

e Additional premiums associated with an EPC contracting approach

Contingency

Process and project contingencies are included in estimates to account for unknown costs that are
omitted or unforeseen due to a lack of complete project definition and engineering.
Contingencies are added because experience has shown that such costs are likely, and expected,
to be incurred even though they cannot be explicitly determined at the time the estimate is
prepared.

Capital cost contingencies do not cover uncertainties or risks associated with

scope changes

changes in labor availability or productivity

delays in equipment deliveries

changes in regulatory requirements

unexpected cost escalation

performance of the plant after startup (e.g., availability, efficiency)

Process Contingency

Process contingency is intended to compensate for uncertainty in cost estimates caused by
performance uncertainties associated with the development status of a technology. Process
contingencies are applied to each plant section based on its current technology status.
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As shown in Exhibit 2-13, AACE International Recommended Practice 16R-90 provides
guidelines for estimating process contingency based on EPRI philosophy [25].

Process contingencies have been applied to the estimates in this study as follows:

Slurry Prep and Feed — 5 percent on GE IGCC cases - systems are operating at
approximately 800 psia as compared to 600 psia for the other IGCC cases

Gasifiers and Syngas Coolers — 15 percent on all IGCC cases — next-generation
commercial offering and integration with the power island

Two Stage Selexol — 20 percent on all IGCC capture cases - unproven technology at
commercial scale in IGCC service

Mercury Removal — 5 percent on all IGCC cases — minimal commercial scale
experience in IGCC applications

CO, Removal System — 20 percent on all PC/NGCC capture cases - post-combustion
process unproven at commercial scale for power plant applications

CTG -5 percent on all IGCC non-capture cases — syngas firing and ASU integration;
10 percent on all IGCC capture cases — high hydrogen firing.

Instrumentation and Controls — 5 percent on all IGCC accounts and 5 percent on the
PC and NGCC capture cases — integration issues

Exhibit 2-13 AACE Guidelines for Process Contingency

Process Contingency
Technology Status . .
(% of Associated Process Capital)
New concept with limited data 40+
Concept with bench-scale data 30-70
Small pilot plant data 20-35
Full-sized modules have been operated 5-20
Process is used commercially 0-10

Process contingency is typically not applied to costs that are set equal to a research goal or
programmatic target since these values presume to reflect the total cost.

Project Contingency

AACE 16R-90 states that project contingency for a “budget-type” estimate (AACE Class 4 or 5)
should be 15 to 30 percent of the sum of BEC, EPC fees and process contingency. This was
used as a general guideline, but some project contingency values outside of this range occur
based on WorleyParsons’ in-house experience.
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Owner’s Costs

Exhibit 2-15 explains the estimation method for owner’s costs. With some exceptions, the
estimation method follows guidelines in Sections 12.4.7 to 12.4.12 of AACE International
Recommended Practice No. 16R-90 [25]. The Electric Power Research Institute’s “Technical
Assessment Guide (TAG®) — Power Generation and Storage Technology Options” also has
guidelines for estimating owner’s costs. The EPRI and AACE guidelines are very similar. In
instances where they differ, this study has sometimes adopted the EPRI approach.

Interest during construction and escalation during construction are not included as owner’s costs
but are factored into the COE and are included in TASC. These costs vary based on the capital
expenditure period and the financing scenario. Ratios of TASC/TOC determined from the PSFM
are used to account for escalation and interest during construction. Given TOC, TASC can be
determined from the ratios given in Exhibit 2-14.

Exhibit 2-14 TASC/TOC Factors

Finance Structure High Risk 10U Low Risk 10U

Capital Expenditure Period | Three Years | Five Years | Three Years | Five Years

TASC/TOC 1.078 1.140 1.075 1.134
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Exhibit 2-15 Owner’s Costs Included in TOC

Owner’s Estimate Basis

Cost
Prepaid Any technology royalties are assumed to be included in the associated equipment cost, and thus are not included as an
Royalties owner’s cost.

e 6 months operating labor
¢ 1 month maintenance materials at full capacity
¢ 1 month non-fuel consumables at full capacity
Preproduction e 1 month waste disposal
(Start-Up) o 25% of one month’s fuel cost at full capacity
Costs o 2% of TPC
Compared to AACE 16R-90, this includes additional costs for operating labor (6 months versus 1 month) to cover the cost
of training the plant operators, including their participation in startup, and involving them occasionally during the design
and construction. AACE 16R-90 and EPRI TAG® differ on the amount of fuel cost to include; this estimate follows EPRI.
Working Although inventory capital (see below) is accounted for, no additional costs are included for working capital.
Capital
o 0.5% of TPC for spare parts
60 day supply (at full capacity) of fuel. Not applicable for natural gas.
Inventory e 60 day supply (at full capacity) of non-fuel consumables (e.g., chemicals and catalysts) that are stored on site. Does
Capital not include catalysts and adsorbents that are batch replacements such as WGS, COS, and SCR catalysts and activated
carbon.
AACE 16R-90 does not include an inventory cost for fuel, but EPRI TAG® does.
Land e $3,000/acre (300 acres for IGCC and PC, 100 acres for NGCC)
o 2.7%of TPC
Financing This financing cost (not included by AACE 16R-90) covers the cost of securing financing, including fees and closing costs
Cost but not including interest during construction (or AFUDC). The “rule of thumb” estimate (2.7% of TPC) is based on a

2008 private communication with a capital services firm.
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Owner’s . .
Cost Estimate Basis
e 15% of TPC
This additional lumped cost is not included by AACE 16R-90 or EPRI TAG®. The “rule of thumb” estimate (15% of
TPC) is based on a 2009 private communication with WorleyParsons. Significant deviation from this value is possible as it
is very site and owner specific. The lumped cost includes:
- Preliminary feasibility studies, including a Front-End Engineering Design (FEED) study
- Economic development (costs for incentivizing local collaboration and support)
- Construction and/or improvement of roads and/or railroad spurs outside of site boundary
- Legal fees
- Permitting costs
- Owner’s engineering (staff paid by owner to give third-party advice and to help the owner oversee/evaluate the work of
the EPC contractor and other contractors)
Other - Owner’s contingency (Sometimes called “management reserve”, these are funds to cover costs relating to delayed
Owner’s startup, fluctuations in equipment costs, unplanned labor incentives in excess of a five-day/ten-hour-per-day work
Costs week. Owner’s contingency is NOT a part of project contingency.)

This lumped cost does NOT include:

- EPC Risk Premiums (Costs estimates are based on an Engineering Procurement Construction Management approach
utilizing multiple subcontracts, in which the owner assumes project risks for performance, schedule and cost)

- Transmission interconnection: the cost of interconnecting with power transmission infrastructure beyond the plant
busbar.

- Taxes on capital costs: all capital costs are assumed to be exempt from state and local taxes.

- Unusual site improvements: normal costs associated with improvements to the plant site are included in the bare
erected cost, assuming that the site is level and requires no environmental remediation. Unusual costs associated with
the following design parameters are excluded: flood plain considerations, existing soil/site conditions, water
discharges and reuse, rainfall/snowfall criteria, seismic design, buildings/enclosures, fire protection, local code height
requirements, noise regulations.
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2.7.2 Operations and Maintenance Costs

The production costs or operating costs and related maintenance expenses (O&M) pertain to
those charges associated with operating and maintaining the power plants over their expected
life. These costs include:

e Operating labor

e Maintenance — material and labor

e Administrative and support labor

e Consumables

o Fuel

e Waste disposal

e Co-product or by-product credit (that is, a negative cost for any by-products sold)

There are two components of O&M costs; fixed O&M, which is independent of power
generation, and variable O&M, which is proportional to power generation.

Operating Labor

Operating labor cost was determined based on of the number of operators required for each
specific case. The average base labor rate used to determine annual cost is $34.65/hour. The
associated labor burden is estimated at 30 percent of the base labor rate. Taxes and insurance are
included as fixed O&M costs totaling 2 percent of the TPC.

Maintenance Material and Labor

Maintenance cost was evaluated on the basis of relationships of maintenance cost to initial
capital cost. This represents a weighted analysis in which the individual cost relationships were
considered for each major plant component or section.

Administrative and Support Labor

Labor administration and overhead charges are assessed at rate of 25 percent of the burdened
O&M labor.

Consumables

The cost of consumables, including fuel, was determined on the basis of individual rates of
consumption, the unit cost of each specific consumable commodity, and the plant annual
operating hours.

Quantities for major consumables such as fuel and sorbent were taken from technology-specific
heat and mass balance diagrams developed for each plant application. Other consumables were
evaluated on the basis of the quantity required using reference data.

The quantities for initial fills and daily consumables were calculated on a 100 percent operating
capacity basis. The annual cost for the daily consumables was then adjusted to incorporate the
annual plant operating basis, or CF.

Initial fills of the consumables, fuels and chemicals, are different from the initial chemical
loadings, which are included with the equipment pricing in the capital cost.

52



Cost and Performance Baseline for Fossil Energy Plants

Waste Disposal

Waste quantities and disposal costs were determined/evaluated similarly to the consumables. In
this study both slag from the IGCC cases and fly ash and bottom ash from the PC cases are
considered a waste with a disposal cost of $17.89/tonne ($16.23/ton). The carbon used for
mercury control in the IGCC cases is considered a hazardous waste with disposal cost of
$926/tonne ($840/ton).

Co-Products and By-Products

By-product quantities were also determined similarly to the consumables. However, due to the
variable marketability of these by-products, specifically gypsum and sulfur, no credit was taken
for their potential salable value.

It should be noted that by-product credits and/or disposal costs could potentially be an additional
determining factor in the choice of technology for some companies and in selecting some sites.
A high local value of the product can establish whether or not added capital should be included
in the plant costs to produce a particular co-product. Ash and slag are both potential by-products
in certain markets, and in the absence of activated carbon injection in the PC cases, the fly ash
would remain uncontaminated and have potential marketability. However, as stated above, the
ash and slag are considered wastes in this study with a concomitant disposal cost.

2.7.3 CO, Transport, Storage and Monitoring

For those cases that feature carbon sequestration, the capital and operating costs for CO, TS&M
were independently estimated by NETL. Those costs were converted to a TS&M COE
increment that was added to the plant COE.

CO, TS&M was modeled based on the following assumptions:

e CO; is supplied to the pipeline at the plant fence line at a pressure of 15.3 MPa (2,215
psia). The CO, product gas composition varies in the cases presented, but is expected to
meet the specification described in Exhibit 2-16 [26]. A glycol dryer located near the
mid-point of the compression train is used to meet the moisture specification.

Exhibit 2-16 CO, Pipeline Specification

Parameter Units Parameter Value

Inlet Pressure MPa (psia) 15.3 (2,215)
Outlet Pressure MPa (psia) 10.4 (1,515)
Inlet Temperature °C (°F) 35 (95)

N, Concentration ppmv < 300

0O, Concentration ppmv <40

Ar Concentration ppmv <10

H,0O Concentration ppmv < 150
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e The CO; is transported 80 km (50 miles) via pipeline to a geologic sequestration field for
injection into a saline formation.

e The CO; is transported and injected as a SC fluid in order to avoid two-phase flow and
achieve maximum efficiency [27]. The pipeline is assumed to have an outlet pressure
(above the SC pressure) of 8.3 MPa (1,200 psia) with no recompression along the way.
Accordingly, CO; flow in the pipeline was modeled to determine the pipe diameter that
results in a pressure drop of 6.9 MPa (1,000 psi) over an 80 km (50 mile) pipeline length
[28]. (Although not explored in this study, the use of boost compressors and a smaller
pipeline diameter could possibly reduce capital costs for sufficiently long pipelines.) The
diameter of the injection pipe will be of sufficient size that frictional losses during
injection are minimal and no booster compression is required at the well-head in order to
achieve an appropriate down-hole pressure, with hydrostatic head making up the
difference between the injection and reservoir pressure.

e The saline formation is at a depth of 1,236 m (4,055 ft) and has a permeability of 22
millidarcy (md) (22 pm?) and formation pressure of 8.4 MPa (1,220 psig) [29]. This is
considered an average storage site and requires roughly one injection well for each 9,360
tonnes (10,320 short tons) of CO, injected per day [29]. The assumed aquifer
characteristics are tabulated in Exhibit 2-17.

The cost metrics utilized in this study provide a best estimate of TS&M costs for a “favorable”
sequestration project, and may vary significantly based on variables such as terrain to be crossed
by the pipeline, reservoir characteristics, and number of land owners from which sub-surface
rights must be acquired. Raw capital and operating costs are derived from detailed cost metrics
found in the literature, escalated to June 2007-year dollars using appropriate price indices. These
costs were then verified against values quoted by industrial sources where possible. Where
regulatory uncertainty exists or costs are undefined, such as liability costs and the acquisition of
underground pore volume, analogous existing policies were used for representative cost
scenarios.

Exhibit 2-17 Deep, Saline Aquifer Specification

Parameter Units Base Case
Pressure MPa (psi) 8.4 (1,220)
Thickness m (ft) 161 (530)
Depth m (ft) 1,236 (4,055)
Permeability Md 22
Pipeline Distance km (miles) 80 (50)
Injection Rate per Well tonne (ton) CO,/day 9,360 (10,320)

The following sections describe the sources and methodology used for each metric.
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TS&M Captial Costs

TS&M capital costs include both a 20 percent process contingency and 30 percent project
contingency.

In several areas, such as Pore Volume Acquisition, Monitoring, and Liability, cost outlays occur
over a longer time period, up to 100 years. In these cases a capital fund is established based on
the net present value of the cost outlay, and this fund is then levelized similar to the other costs.

Transport Costs

CO;, transport costs are broken down into three categories: pipeline costs, related capital
expenditures, and O&M costs.

Pipeline costs are derived from data published in the Qil and Gas Journal’s (O&GJ) annual
Pipeline Economics Report for existing natural gas, oil, and petroleum pipeline project costs
from 1991 to 2003. These costs are expected to be analogous to the cost of building a CO,
pipeline, as noted in various studies [27, 29, 30]. The University of California performed a
regression analysis to generate cost curves from the O&GJ data: (1) Pipeline Materials, (2)
Direct Labor, (3) Indirect Costs, and (4) Right-of-way acquisition, with each represented as a
function of pipeline length and diameter [30]. These cost curves were escalated to the June 2007
year dollars used in this study.

Related capital expenditures were based on the findings of a previous study funded by
DOE/NETL, Carbon Dioxide Sequestration in Saline Formations — Engineering and Economic
Assessment [29]. This study utilized a similar basis for pipeline costs (O&GJ Pipeline cost data
up to the year 2000) but added a CO; surge tank and pipeline control system to the project.

Transport O&M costs were assessed using metrics published in a second DOE/NETL sponsored
report entitled Economic Evaluation of CO, Storage and Sink Enhancement Options [27]. This
study was chosen due to the reporting of O&M costs in terms of pipeline length, whereas the
other studies mentioned above either (a) do not report operating costs, or (b) report them in
absolute terms for one pipeline, as opposed to as a length- or diameter-based metric.

Storage Costs

Storage costs were divided into five categories: (1) Site Screening and Evaluation, (2) Injection
Wells, (3) Injection Equipment, (4) O&M Costs, and (5) Pore Volume Acquisition. With the
exception of Pore Volume Acquisition, all of the costs were obtained from Economic Evaluation
of CO, Storage and Sink Enhancement Options [27]. These costs include all of the costs
associated with determining, developing, and maintaining a CO, storage location, including site
evaluation, well drilling, and the capital equipment required for distributing and injecting CO,.

Pore Volume Acquisition costs are the costs associated with acquiring rights to use the sub-
surface volume where the CO, will be stored, i.e., the pore space in the geologic formation.
These costs were based on recent research by Carnegie Mellon University, which examined
existing sub-surface rights acquisition as it pertains to natural gas storage [31]. The regulatory
uncertainty in this area combined with unknowns regarding the number and type (private or
government) of property owners, require a number of “best engineering judgment” decisions to
be made. In this study it was assumed that long-term lease rights were acquired from the
property owners in the projected CO, plume growth region for a nominal fee, and that an annual
“rent” was paid when the plume reached each individual acre of their property for a period of up
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to 100 years from the injection start date. The present value of the life cycle pore volume costs
are assessed at a 10 percent discount rate and a capital fund is set up to pay for these costs over
the 100 year rent scenario.

Liability Protection

Liability Protection addresses the fact that if damages are caused by injection and long-term
storage of CO,, the injecting party may bear financial liability. Several types of liability
protection schemes have been suggested for CO; storage, including Bonding, Insurance, and
Federal Compensation Systems combined with either tort law (as with the Trans-Alaska Pipeline
Fund), or with damage caps and preemption, as is used for nuclear energy under the Price
Anderson Act [32]. However, at present, a specific liability regime has yet to be dictated either
at a Federal or (to our knowledge) State level. However, certain state governments have enacted
legislation, which assigns liability to the injecting party, either in perpetuity (Wyoming) or until
ten years after the cessation of injection operations, pending reservoir integrity certification, at
which time liability is turned over to the state (North Dakota and Louisiana) [33,34,35]. In the
case of Louisiana, a trust fund totaling five million dollars is established over the first ten years
(120 months) of injection operations for each injector. This fund is then used by the state for
CO, monitoring and, in the event of an at-fault incident, damage payments.

Liability costs assume that a bond must be purchased before injection operations are permitted in
order to establish the ability and good will of an injector to address damages where they are
deemed liable. A figure of five million dollars was used for the bond based on the Louisiana
fund level. This bond level may be conservatively high, in that the Louisiana fund covers both
liability and monitoring, but that fund also pertains to a certified reservoir where injection
operations have ceased, having a reduced risk compared to active operations. The bond cost was
not escalated.

Monitoring Costs

Monitoring costs were evaluated based on the methodology set forth in the International Energy
Agency (IEA) Greenhouse Gas (GHG) R&D Programme’s Overview of Monitoring Projects for
Geologic Storage Projects report [36]. In this scenario, operational monitoring of the CO, plume
occurs over 30 years (during plant operation) and closure monitoring occurs for the following
fifty years (for a total of eighty years). Monitoring is via electromagnetic (EM) survey, gravity
survey, and periodic seismic survey; EM and gravity surveys are ongoing while seismic survey
occurs inyears 1, 2, 5, 10, 15, 20, 25, and 30 during the operational period, then in years 40, 50,
60, 70, and 80 after injection ceases.

2.7.4 Finance Structure, Discounted Cash Flow Analysis, and COE

The global economic assumptions are listed in Exhibit 2-18.

Finance structures were chosen based on the assumed type of developer/owner (investor-owned
utility (I0U) or independent power producer) and the assumed risk profile of the plant being
assessed (low-risk or high-risk). For this study the owner/developer was assumed to be an I0U.
All IGCC cases as well as PC and NGCC cases with CO, capture were considered high risk.
The non-capture PC and NGCC cases were considered low risk. Exhibit 2-19 describes the low-
risk 10U and high-risk 10U finance structures that were assumed for this study. These finance
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structures were recommended in a 2008 NETL report based on interviews with project
developers/owners, financial organizations and law firms [37].

Exhibit 2-18 Global Economic Assumptions

Parameter

| Value

TAXES

Income Tax Rate

38% (Effective 34% Federal, 6% State)

Capital Depreciation

20 years, 150% declining balance

Investment Tax Credit

0%

Tax Holiday

0 years

CONTRACTING AND FINANCING TERMS

Contracting Strategy

Engineering Procurement Construction
Management (owner assumes project risks for
performance, schedule and cost)

Type of Debt Financing

Non-Recourse (collateral that secures debt is
limited to the real assets of the project)

Repayment Term of Debt 15 years
Grace Period on Debt Repayment 0 years
Debt Reserve Fund None

ANALYSIS TIME PERIODS

Capital Expenditure Period

Natural Gas Plants: 3 Years
Coal Plants: 5 Years

Operational Period

30 years

Economic Analysis Period (used for IRROE)

33 or 35 Years (capital expenditure period plus
operational period)

TREATMENT OF CAPITAL COSTS

Capital Cost Escalation During Capital
Expenditure Period (hominal annual rate)

3.6%?2

Distribution of Total Overnight Capital over the
Capital Expenditure Period (before escalation)

3-Year Period: 10%, 60%, 30%
5-Year Period: 10%, 30%, 25%, 20%, 15%

Working Capital

zero for all parameters

% of Total Overnight Capital that is Depreciated

100% (this assumption introduces a very small
error even if a substantial amount of TOC is
actually non-depreciable)

ESCALATION OF OPERATING REVENUES

AND COSTS

Escalation of COE (revenue), O&M Costs, and
Fuel Costs (nominal annual rate)

3.0%°

2 A nominal average annual rate of 3.6 percent is assumed for escalation of capital costs during construction. This
rate is equivalent to the nominal average annual escalation rate for process plant construction costs between 1947
and 2008 according to the Chemical Engineering Plant Cost Index.

® An average annual inflation rate of 3.0 percent is assumed. This rate is equivalent to the average annual escalation
rate between 1947 and 2008 for the U.S. Department of Labor's Producer Price Index for Finished Goods, the so-
called "headline" index of the various Producer Price Indices. (The Producer Price Index for the Electric Power
Generation Industry may be more applicable, but that data does not provide a long-term historical perspective since

it only dates back to December 2003.)
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Exhibit 2-19 Financial Structure for Investor Owned Utility High and Low Risk Projects

Type of C_urrent Weighted .After Tax
Security % of Total (Nominal) Dollar Current Welghteo! Cost of
Cost (Nominal) Cost Capital

Low Risk

Debt 50 4.5% 2.25%

Equity 50 12% 6%

Total 8.25% 7.39%

High Risk

Debt 45 5.5% 2.475%

Equity 55 12% 6.6%

Total 9.075% 8.13%

DCFE Analysis and Cost of Electricity

The NETL Power Systems Financial Model (PSFM) is a nominal-dollar® (current dollar)
discounted cash flow (DCF) analysis tool. As explained below, the PSFM was used to calculate
COE” in two ways: a COE and a levelized COE (LCOE). To illustrate how the two are related,
COE solutions are shown in Exhibit 2-20 for a generic pulverized coal (PC) power plant and a
generic natural gas combined cycle (NGCC) power plant, each with carbon capture and
sequestration installed.

e The COE is the revenue received by the generator per net megawatt-hour during the power
plant’s first year of operation, assuming that the COE escalates thereafter at a nominal
annual rate equal to the general inflation rate, i.e., that it remains constant in real terms over
the operational period of the power plant. To calculate the COE, the PSFM was used to
determine a “base-year” (2007) COE that, when escalated at an assumed nominal annual
general inflation rate of 3 percent®, provided the stipulated internal rate of return on equity
over the entire economic analysis period (capital expenditure period plus thirty years of
operation). The COE solutions are shown as curved lines in the upper portion of
Exhibit 2-20 for a PC power plant and a NGCC power plant. Since this analysis assumes that
COE increases over the economic analysis period at the nominal annual general inflation
rate, it remains constant in real terms and the first-year COE is equivalent to the base-year
COE when expressed in base-year (2007) dollars.

* Since the analysis takes into account taxes and depreciation, a nominal dollar basis is preferred to properly reflect
the interplay between depreciation and inflation.

® For this calculation, “cost of electricity” is somewhat of a misnomer because from the power plant’s perspective it
is actually the “price” received for the electricity generated to achieve the stated IRROE. However, since the price
paid for generation is ultimately charged to the end user, from the customer’s perspective it is part of the cost of
electricity.

® This nominal escalation rate is equal to the average annual inflation rate between 1947 and 2008 for the U.S.
Department of Labor’s Producer Price Index for Finished Goods. This index was used instead of the Producer Price
Index for the Electric Power Generation Industry because the Electric Power Index only dates back to December
2003 and the Producer Price Index is considered the “headline” index for all of the various Producer Price Indices.
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e The LEVELIZED COE is the revenue received by the generator per net megawatt-hour
during the power plant’s first year of operation, assuming that the COE escalates thereafter
at a nominal annual rate of O percent, i.e., that it remains constant in nominal terms over the
operational period of the power plant. This study reports LCOE on a current-dollar basis
over thirty years. “Current dollar” refers to the fact that levelization is done on a nominal,
rather than a real, basis’. “Thirty-years” refers to the length of the operational period
assumed for the economic analysis. To calculate the LCOE, the PSFM was used to calculate
a base-year COE that, when escalated at a nominal annual rate of O percent, provided the
stipulated return on equity over the entire economic analysis period. For the example PC and
NGCC power plant cases, the LCOE solutions are shown as horizontal lines in the upper
portion of Exhibit 2-20.

Exhibit 2-20 also illustrates the relationship between COE and the assumed developmental and
operational timelines for the power plants. As shown in the lower portion of Exhibit 2-20, the
capital expenditure period is assumed to start in 2007 for all cases in this report. All capital costs
included in this analysis, including project development and construction costs, are assumed to
be incurred during the capital expenditure period. Coal-fueled plants are assumed to have a
capital expenditure period of five years and natural gas-fueled plants are assumed to have a
capital expenditure period of three years. Since both types of plants begin expending capital in
the base year (2007), this means that the analysis assumes that they begin operating in different
years: 2012 for coal plants and 2010 for natural gas plants in this study. Note that, according to
the Chemical Engineering Plant Cost Index, June-2007 dollars are nearly equivalent to January-
2010 dollars.

" For this current-dollar analysis, the LCOE is uniform in current dollars over the analysis period. In contrast, a
constant-dollar analysis would yield an LCOE that is uniform in constant dollars over the analysis period.
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Exhibit 2-20 Illustration of COE Solutions using DCF Analysis
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In addition to the capital expenditure period, the economic analysis considers thirty years of
operation for both coal and natural gas plants.

Since 2007 is the first year of the capital expenditure period, it is also the base year for the
economic analysis. Accordingly, it is convenient to report the results of the economic analysis in
base-year (June 2007) dollars, except for TASC, which is expressed in mixed-year, current
dollars over the capital expenditure period.

Consistent with our nominal-dollar discounted cash flow methodology, the COEs shown on
Exhibit 2-20 are expressed in current dollars. However, they can also be expressed in constant,
base year dollars (June 2007) as shown in Exhibit 2-21 by adjusting them with the assumed
nominal annual general inflation rate (3 percent).

Exhibit 2-21 illustrates the same information as in Exhibit 2-20 for a PC plant with CCS only on
a constant 2007 dollar basis. With an assumed nominal COE escalation rate equal to the rate of
inflation, the COE line now becomes horizontal and the LCOE decreases at a rate of 3 percent
per year.
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Exhibit 2-21 PC with CCS in Current 2007 Dollars
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Estimating COE with Capital Charge Factors

For scenarios that adhere to the global economic assumptions listed in Exhibit 2-18 and utilize
one of the finance structures listed in Exhibit 2-19, the following simplified equation can be used
to estimate COE as a function of TOC?, fixed O&M, variable O&M (including fuel), capacity
factor and net output. The equation requires the application of one of the capital charge factors
(CCF) listed in Exhibit 2-22. These CCFs are valid only for the global economic assumptions
listed in Exhibit 2-18, the stated finance structure, and the stated capital expenditure period.

& Although TOC is used in the simplified COE equation, the CCF that multiplies it accounts for escalation during
construction and interest during construction (along with other factors related to the recovery of capital costs).
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Exhibit 2-22 Capital Charge Factors for COE Equation

Finance . . .
High Risk 10U Low Risk IOU
Structure

Capital Expenditure Period Three Years | Five Years | Three Years | Five Years

Capital Charge Factor (CCF) 0.111 0.124 0.105 0.116

All factors in the COE equation are expressed in base-year dollars. The base year is the first year
of capital expenditure, which for this study is assumed to be 2007. As shown in Exhibit 2-18, all
factors (COE, O&M and fuel) are assumed to escalate at a nominal annual general inflation rate
of 3.0 percent. Accordingly, all first-year costs (COE and O&M) are equivalent to base-year
costs when expressed in base-year (2007) dollars.

first year first year first year
capital charge t fixed operating + variable operating
COE = costs costs

annual net megawatt hours
of power generated

(CCF)(TOC) + OCrix + (CF)(OCy4r)

COE =
(CF)(MWH)
where:

COE = revenue received by the generator ($MWh, equivalent to mills/kWh)
during the power plant’s first year of operation (but expressed in base-
year dollars), assuming that the COE escalates thereafter at a nominal
annual rate equal to the general inflation rate, i.e., that it remains constant
in real terms over the operational period of the power plant.

CCF = capital charge factor taken from Exhibit 2-22 that matches the applicable
finance structure and capital expenditure period

TOC = total overnight capital, expressed in base-year dollars

OCgix = the sum of all fixed annual operating costs, expressed in base-year dollars

OCvar = the sum of all variable annual operating costs, including fuel at 100
percent capacity factor, expressed in base-year dollars

CF= plant capacity factor, assumed to be constant over the operational period

MWH = annual net megawatt-hours of power generated at 100 percent capacity

factor
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The primary cost metric in this study is the COE, which is the base-year cost presented in base-
year dollars. Exhibit 2-23 presents this cost metric along with the COE escalated to the first
year of operation (2010 for NGCC cases and 2012 for coal cases) using the average annual
inflation rate of 3 percent. Similarly, the LCOE is presented in both base-year dollars and first
year of operation dollars. Using a similar methodology, the reader may generate either metric in
the desired cost year basis.

Exhibit 2-23 COE and LCOE Summary

COE LCOE
T Base-Year First Operational Year Base-Year First Operational Year
2007% 2010% 2012% 2007% 2010% 2012%
(all cases) | (NGCC cases) | (coal cases) | (all cases) | (NGCC cases) | (coal cases)
1 76.28 N/A 88.43 96.70 N/A 112.10
2 105.66 N/A 122.49 133.94 N/A 155.27
3 74.02 N/A 85.81 93.83 N/A 108.77
4 110.39 N/A 127.97 139.93 N/A 162.22
5 81.31 N/A 94.26 103.07 N/A 119.48
6 119.46 N/A 138.49 151.43 N/A 175.55
9 59.40 N/A 68.86 75.29 N/A 87.29
10 109.69 N/A 127.16 139.05 N/A 161.20
11 58.91 N/A 68.29 74.67 N/A 86.56
12 106.63 N/A 123.61 135.16 N/A 156.69
13 58.90 64.36 N/A 74.65 81.58 N/A
14 85.93 93.89 N/A 108.93 119.03 N/A

2.8 IGCC STUDY COST ESTIMATES COMPARED TO INDUSTRY ESTIMATES

The estimated TOC for IGCC cases in this study ranges from $2,351 to $2,716/kW for non- CO,
capture cases and $3,334/kW to $3,904/kW for capture cases. Plant size ranges from 622 - 629
MW (net) for non-capture cases and 497 - 543 MW (net) for capture cases.

Within the power industry there are several power producers interested in pursuing construction
of an IGCC plant. While these projects are still in the relatively early stages of development,
some cost estimates have been published. Published estimates tend to be limited in detail,
leaving it to the reader to speculate as to what is contained within the estimate. In November
2007, the Indiana Utility Regulatory Commission approved Duke Energy’s proposal to build an
IGCC plant in Edwardsport, Indiana. The estimated cost to build the 630 MW plant is
$4,472/kW in June 2007 dollars. Duke expects the plant to begin operation in 2012. Other
published estimates for similar proposed non-CO, capture gasification plants range from
$2,483/kW to $3,122/kW in June 2007 dollars. Corresponding plant sizes range form 770 - 600
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MW, respectively. Published estimates from similar CO, capture facilities range from
$4,581/kW to $5,408/kW, in June 2007 dollars, with sizes ranging from 400 to 580 MW
[38,39,40,41].°

Differences in Cost Estimates

Project Scope

For this report, the scope of work is generally limited to work inside the project “fence line”. For
outgoing power, the scope stops at the high side terminals of the Generator Step-up Transformers
(GSUs).

Some typical examples of items outside the fenceline include:

New access roads and railroad tracks

Upgrades to existing roads to accommodate increased traffic
Makeup water pipe outside the fenceline

Landfill for on-site waste (slag) disposal

Natural gas line for backup fuel provisions

e Plant switchyard

e Electrical transmission lines & substation

Estimates in this report are based on a generic mid-western greenfield site having “normal”
characteristics. Accordingly, the estimates do not address items such as:

Piles or caissons

Rock removal

Excessive dewatering

Expansive soil considerations

Excessive seismic considerations

Extreme temperature considerations
Hazardous or contaminated soils

Demolition or relocation of existing structures
Leasing of offsite land for parking or laydown
Busing of craft to site

e Costs of offsite storage

This report is based on a reasonably “standard” plant. No unusual or extraordinary process
equipment is included such as:

Excessive water treatment equipment
Air-cooled condenser

Automated coal reclaim

Zero Liquid Discharge equipment
SCR catalyst (IGCC cases only)

® Costs were adjusted to June 2007 using the Chemical Engineering Plant Cost Index
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For non-capture cases, which are likely the most appropriate comparison against industry
published estimates, this report is based on plant equipment sized for non-capture only. None of
the equipment is sized to accommodate a future conversion to CO, capture.

Labor

This report is based on Merit Shop (non-union) labor. If a project is to use Union labor, there is
a strong likelihood that overall labor costs will be greater than those estimated in this report.

This report is based on a 50 hour work week, with an adequate local supply of skilled craft labor.
No additional incentives such as per-diems or bonuses have been included to attract and retain
skilled craft labor.

Contracting Methodology

The estimates in this report are based on a competitively bid, multiple subcontract approach,
often referred to as EPCM. Accordingly, the estimates do not include premiums associated with
an EPC approach. It is believed that, given current market conditions, the premium charged by
an EPC contractor could be as much as 30 percent or more over an EPCM approach.
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3. 1GCC POWER PLANTS

Six IGCC power plant configurations were evaluated and the results are presented in this section.
Each design is based on a market-ready technology that is assumed to be commercially available
to support startup.

The six cases are based on the GEE gasifier, the CoP E-Gas™ gasifier and the Shell gasifier,
each with and without CO, capture. As discussed in Section 1, the net output for the six cases
varies because of the constraint imposed by the fixed GT output and the high auxiliary loads
imparted by the CO, capture process.

The CT is based on an advanced F-class design. The HRSG/steam turbine cycle varies based on
the CT exhaust conditions. Steam conditions range from 12.4 MPa/559°C/559°C (1800
psig/1038°F/1038°F) to 12.4 MPa/562°C/562°C (1800 psig/1043°F/1043°F) for all of the non-
CO;, capture cases and 12.4 MPa/534°C/534°C (1800 psig/993°F/993°F) to 12.4
MPa/534°C/534°C (1800 psig/994°F/994°F) for all of the CO, capture cases. The capture cases
have a lower main and reheat steam temperature primarily because the turbine firing temperature
is reduced to allow for a parts life equivalent to NGCC operation with a high-hydrogen content
fuel, which results in a lower turbine exhaust temperature.

The evaluation scope included developing heat and mass balances and estimating plant
performance. Equipment lists were developed for each design to support plant capital and
operating cost estimates. The evaluation basis details, including site ambient conditions, fuel
composition and environmental targets, were provided in Section 2. Section 3.1 covers general
information that is common to all IGCC cases, and case specific information is subsequently
presented in Sections 3.2, 3.3 and 3.4.

3.1 1GCC COMMON PROCESS AREAS

The IGCC cases have process areas, which are common to each plant configuration such as coal
receiving and storage, oxygen supply, gas cleanup, power generation, etc. As detailed
descriptions of these process areas for each case would be burdensome and repetitious, they are
presented in this section for general background information. Where there is case-specific
performance information, the performance features are presented in the relevant case sections.

3.1.1 Coal Receiving and Storage

The function of the Coal Receiving and Storage system is to unload, convey, prepare, and store
the coal delivered to the plant. The scope of the system is from the trestle bottom dumper and
coal receiving hoppers up to and including the slide gate valves at the outlet of the coal storage
silos. Coal receiving and storage is identical for all six IGCC cases; however, coal preparation
and feed are gasifier-specific.

Operation Description — The coal is delivered to the site by 100-car unit trains comprised of 91
tonne (100 ton) rail cars. The unloading is done by a trestle bottom dumper, which unloads the
coal into two receiving hoppers. Coal from each hopper is fed directly into a vibratory feeder.
The 8 cm x 0 (3" x 0